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INTRODUCTION  TO  THE  ENGLISH  EDITION 

By   H.    C.    H.   carpenter,   F.R.S., 

PROFESSOR  OF   METALLURGY,   ROYAL  SCHOOL  OF   MINES,   LONDON 

During  the  last  fifteen  years  a  number  of  text-books  on  Metallography 
have  been  published  in  the  English  language.  Amongst  those  of  a 
general  character  may  be  mentioned  the  books  by  Law,  Desch,  Gulliver, 
and  Rosenhain,  while  in  regard  to  the  metallography  of  iron  and 
steel  the  text-books  of  Sauveur,  Howe,  and  Edwards  fill  an  important 
place.  It  might  be  considered,  therefore,  that  the  literature  on  the 
subject  was  sufficient  for  the  present.  Metallography,  however,  is  still 
a  young  and  rapidly  growing  science,  and  it  seemed  to  the  writer  that 
there  is  room  for  a  book  which  will  present  in  English  some  of  the 
characteristic  features  of  French  work  on  this  subject.  The  desirability 
of  this  will  be  generally  admitted  when  it  is  remembered  what  an 
important  part  the  contributions  of  the  late  Monsieur  Osmond, 
Professor  Henri  Le  Chatelier,  Messrs.  Charpy,  Guillet,  and  others  have 
made  to  the  foundation  and  development  of  this  science. 

The  publication  of  a  translation  of  the  book  by  Messrs.  Guillet  and 
Portevin,  entitled  "  An  Introduction  to  the  Study  of  Metallography  and 
Macrography,"  is  to  be  welcomed,  in  the  first  place,  because  the  authors 
are  themselves  distinguished  original  investigators  in  the  subject 
and  therefore  write  with  a  first-hand  knowledge  and  command  of  it. 
Evidence  of  this  is  furnished  by  the  numerous  excellent  photographic 
illustrations  which  are  largely  taken  from  their  own  papers.  Each  of 
them  occupied  for  several  years  an  important  technical  position  in  the 
French  metallurgical  industry,  and  is  accordingly  well  acquainted  with 
its  practical  requirements.  In  the  next  place,  the  book  is  a  character- 
istically French  product  and  presents  a  view  of  the  subject  which  is  not 
quite  the  same  as  that  of  any  of  the  books  already  alluded  to.  A  still 
more  important  reason  for  welcoming  it  lies  in  its  broad  title,  in  which 
it  is  to  be  noted  that  the  two  words  Metallography  and  Macrography 
are  included.  As  the  authors  point  out,  the  latter  is  really  the  older 
science  and  dates  from  the  work  of  Widmanstaetten,  first  published  in 
1808.      He  it  was  who  first  conceived  the  idea  of  coarsely  polishing 
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metallic  surfaces  and  afterwards  etching  and  examining  them. 
Macrography  may  be  defined  as  the  study  of  the  "  coarse  "  structure  of 
any  given  metal  or  alloy.  It  does  not  require  expensive  or  complicated 
microscopic  apparatus.  It  is  a  curious  thing  that  in  spite  of  this  there 
should  have  been  a  much  more  rapid  development  of  the  science 
of  metallography  which  definitely  relates  to  the  microscopic  structure 
of  the  metal  and  requires  for  its  execution  the  use  of  comparatively 
expensive  apparatus  such  as  microscopes  with  high  resolving  objectives, 
pyrometers,  etc. 

Metallography  as  a  science  can  scarcely  be  said  to  date  from  earlier 
than  1894,  when  the  late  Monsieur  Osmond  published  his  remarkable 
memoir  on  the  Constituents  of  Carbon  Steels.  It  was  this  paper  more 
than  any  other  which  gave  the  impetus  to  the  astonishing  development 
of  metallography  both  as  a  pure  and  an  applied  science,  which  has 
continued  down  to  the  present  day.  There  was,  however,  especially 
in  the  investigation  of  metal  failures,  a  tendency  to  draw  conclusions 
from  microstructures  which  were  based  upon  the  examination  of 
a  comparatively  small  area  without  taking  sufficiently  into  account  the 
possibility  that  the  metal  in  question  was  by  no  means  necessarily 
homogeneous.  Accordingly  in  recent  years  it  has  become  recognised 
that  a  careful  study  of  the  macro-structure  of  a  metal  in  so  far  as  it  can 
be  revealed  by  quite  simple  methods  of  grinding,  etching,  examination 
with  a  hand  lens,  taking  of  prints,  etc.,  should  be  undertaken  before  an 
investigation  of  its  microstructure  is  made.  It  is  recognised  now  that 
in  all  such  investigations  macrography  must  precede  metallography, 
otherwise  quite  erroneous  conclusions  are  liable  to  be  drawn. 

The  aim  of  the  book  has  been,  to  use  the  authors'  words,  "  to 
outline  principles  and  to  illustrate  them  by  means  of  the  most  typical 
and  important  examples."  It  is  therefore  intended  as  an  introduction 
to  the  study  of  the  subject.  Undoubtedly,  however,  its  general  purpose 
is  practical,  and  it  should  be  not  merely  of  service  to  those  desiring  to 
gain  some  insight  into  the  science,  but  also  of  real  assistance  to  those 
engaged  whether  in  manufacturing  or  using  metals.  Only  sufficient 
theory  is  introduced  to  enable  the  behaviour  of  metals  and  alloys  under 
these  conditions  to  be  rendered  intelligible.  A  feature  of  especial 
value  in  the  Metallographical  section  is  the  discussion  in  Chapter  III 
of  the  relation  between  equilibrium  diagrams  of  alloys  and  their 
properties  and  correct  mechanical  treatment.  It  is  important  that  this 
task  should  have  been  undertaken,  for  it  has  a  vital  bearing  on 
the  application  of  metallographical  theory  to  everyday  works  practice, 
and  in  no  book  with  which  the  writer  is  acquainted  has  the  attempt 
been  more  successfully  carried  through.  Attention  may  further  be 
drawn  to  Chapters  VI  and  VII,  dealing  respectively  with  the  technique 
of  macrography  and  its  industrial  applications,  which  set  forth  very 
compactly  the  numerous  ways  in  which  the  results  given  by  this  method 
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can  be  made  to  build  up  the  story  of  the  changes  through  which  the 
metal  reaches  its  form  in  any  given  case. 

The  translation  has  been  undertaken  by  Mr,  Leonard  Taverner, 
A.R.S.M.,  D.I.C.,  who  is  in  charge  of  the  Metallographic  Department 
of  the  Royal  School  of  Mines.  It  is  an  excellent  piece  of  work,  which 
has  done,  I  think,  full  justice  to  the  original  French. 

H.    C.    H.   CARPENTER. 

September  lotJi,  1921. 


TRANSLATOR'S    FOREWORD 

The  work  of  Professors  Guillet  and  Portevin  needs  no  introduction  to 
English-speaking  metallurgists ;  but  it  is  hoped  that  the  present 
translation  will  render  it  more  accessible  as  a  text-book  and  work  of 
reference.  The  authors  have  considered  both  the  theoretical  and 
practical  sides  of  the  question,  and  although  emphasising  the  neces- 
sity of  a  theoretical  basis  of  study,  they  have  not  overlooked  the  fact 
that  the  ultimate  aim  of  such  study  lies  in  its  practical  application  to 
industry.  The  book,  therefore,  should  make  a  strong  appeal  to  both 
the  practical  engineer  and  the  student.  Apology  is  due  for  the 
French  phrasing  to  be  found  in  many  parts  ;  but  as  it  is  a  descriptive 
technical  work  this  was  considered  essential  in  order  to  retain  the 
exact  meaning,  particular  care  having  been  taken  in  translation  to 
maintain  the  character  of  the  original. 

Amongst  the  special  features  of  the  book  may  be  mentioned  the 
detailed  description  of  the  constituents  and  structures  of  carbon  steels 
and  the  relatively  complete  account  of  the  special  or  alloy  steels,  to 
which  subject  the  authors  have  contributed  much  valuable  research. 
The  impurities  of  the  ordinary  industrial  metals  are  dealt  with  at  some 
length,  and  wherever  possible  the  relation  between  the  microscopical 
structure  and  the  mechanical  properties  and  treatment  is  brought  into 
prominence.  The  final  section  of  the  book  is  devoted  to  the  methods 
of  macrographical  examination  of  both  ferrous  and  non-ferrous 
material,  and  should  constitute  a  very  valuable  addition  to  the  litera- 
ture on  the  subject,  since  the  French  have  recently  given  considerable 
attention  to  this  type  of  investigation. 

The  very  complete  collection  of  plates  relative  to  the  text  renders 

the  book  of  great  value  to  the  student,  and  the  addition  of  an  index 

to  the   English  edition  should  aid  the  reader  materially  in  cases  of 

reference. 

L.  T. 

London, 

September,   1921. 


PREFACE 

The  title,  "An  Introduction  to  the  Study  of  Metallography  and 
Macrography,"  clearly  indicates  the  purpose  of  this  book.  The  reader 
should  not  expect  to  find,  in  this  little  volume,  descriptions  of  all 
types  of  apparatus  in  use,  or  records  of  the  enormous  amount  of 
metallographic  work  that  has  been  carried  out  during  the  last  fifteen 
years ;  likewise,  references  are  only  quoted  when  the  reader  is  recom- 
mended to  consult  other  works  for  further  information,  not  within  the 
scope  of  the  present  volume. 

The  aim  has  been  to  outline  principles  and  to  illustrate  them  by 
means  of  the  most  typical  and  important  industrial  examples.  The 
book  is  therefore  intended  as  an  introduction  to  the  study  of  Metal- 
lography. It  is  based  on  the  course  of  instruction  given  jointly  by  the 
authors  at  the  Ecole  Centrale  des  Arts  et  Manufactures,  and  continued 
by  one  of  the  authors  at  the  Conservatoire  National  des  Arts  et 
Metiers.  Ultimately  the  authors  hope  to  deal  fully  with  the  subject 
of  this  work  in  their  "  Traite  de  Metallographie  "  to  be  published  at 
a  later  date. 


INTRODUCTION 

Metallography    may   be   defined   as   the    microscopical  study  of 
polished  and  etched  metallurgical  specimens. 

The  examination  is  carried  out  not  by  transmitted  light  as  in  the 
case  of  many  histological  and  petrological  specimens,  but  by  reflected 
light  ;  one  face  of  the  metal  specimen  is  perfectly  polished,  then 
etched  by  a  suitable  reagent  having  a  differential  effect  on  the  various 
constituents,  and  finally  examined  under  the  microscope  at  varying 
magnifications  up  to,  and  in  special  instances  exceeding,  one  thousand 
diameters.  Macrography  may  be  defined  as  the  study  of  coarsely 
polished  and  etched  metallurgical  specimens  without  the  aid  of  a 
microscope.  It  is  especially  useful  in  the  detection  of  certain  qualities 
or  defects,  and  also  enables  a  general  estimation  of  the  constitution 
of  the  material  to  be  made. 

Owing  to  metallography  being  essentially  based  on  the  physico- 
chemical  laws,  it  has  been  considered  desirable  to  describe,  as  briefly 
as  possible,  the  equilibrium  diagram  and  to  illustrate  its  relation  with 
the  structure  and  principal  physical  and  mechanical  properties  of  an 
alloy.  Further,  one  of  the  most  important  industrial  questions  being 
the  direct  relationship  which  exists  between  the  constitution  of 
metallurgical  products,  their  properties  and  their  treatment  (mechani- 
cal, heat,  or  chemical)  several  pages  have  been  devoted  to  a  brief 
outline  of  these  points. 

Before  commencing  any  description  of  the  two  subjects  to  be  con- 
sidered, it  appears  desirable,  in  the  first  place,  to  give  a  concise 
summary  of  their  history. 

Widmanstaetten,  in  1808,  was  the  first  to  conceive  the  idea  of 
coarsely  polishing  metallic  surfaces  in  order  to  examine  them  after 
etching,  and  thus  arose  the  study  of  Macrographic  Structure,  in  which 
work  such  great  advances  have  recently  been  made  by  Fremont  and 
de  Heyn.  The  first  microscopical  examination  of  metallurgical 
specimens  appears  to  have  been  due  to  the  Russian  General  Anossow, 
while  Sorby,  who  founded  the  science  of  Petrology  in  1856,  applied 
the  method  of  examination  by  reflected  light  after  etching,  to 
meteorites  and  certain  metallurgical  products  (1864).  Some  years 
later,  Martens  examined,  very  briefly,  numerous  samples  of  cast  iron 
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and  steel.  Until  1883  no  further  development  occurred  ;  for,  although 
the  method  of  investigation  was  established,  the  previous  work  had 
aroused  but  little  interest. 

At  this  date  (July,  1883),  two  Frenchmen — Osmond  and  Werth, 
engineers  attached  to  the  works  of  Schneider  and  Creusot — published 
"  La  Theorie  Cellulaire  des  Aciers,"  in  which  they  showed  that  steel 
consisted  of  a  core  of  iron  surrounded  by  a  cement  which  disappeared 
on  quenching,  i.e.  heating  to  a  high  temperature  followed  by  rapid 
cooling  in  water.  Again  in  1894,  in  the  Bulletin  de  la  Societe 
d' Encouragement  pour  r Industrie  nationale,  Osmond  published  his 
memoir  of  epoch-making  importance,  on  the  constitution  of  carbon 
steels,  a  memoir  accompanied  by  many  excellent  photo-micrographs 
to  which  recent  research  has  added  but  little.  This  work  aroused 
considerable  interest ;  research  was  started  in  every  direction,  the 
technique  became  simpler  as  experience  progressed,  the  microscope 
from  being  merely  an  instrument  of  the  scientific  laboratory  com- 
menced to  become  an  indispensable  instrument  in  metallurgical  and 
engineering  works. 

With  the  more  recent  researches  are  associated  the  names  of 
Henry  Le  Chatelier  and  his  numerous  pupils,  Osmond,  Cartaud  and 
Charpy,  in  France ;  in  Russia,  Tschernoff,  Baykoff,  Belaiew ;  in 
Germany,  Martens,  Heyn  and  Bauer,  Wiist,  Goerens,  Tammann, 
Guertler  and  Friedrich  ;  in  England,  Roberts- Austen,  Stead,  Arnold, 
Carpenter,  Ewing  and  Rosenhain ;  in  the  United  States,  Howe, 
Sauveur,  Campbell,  Bancroft ;  in  Holland,  Behrens ;  in  Denmark, 
Hannover  ;  in  Sweden,  Benedicks  ;  in  Italy,  Giolliti  and  his  pupils. 
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PART  I 

METALLOGRAPHY 

CHAPTER   I 

METHODS   OF   INVESTIGATION 

Metallography  consists,  as  previously  mentioned,  in  the-^xaniinar 
tion  of^a  polished  jJidetdhiedsurfajQe^of  a  metal  by:.reflectedJighjL/ 

Such  an  examination  may  be  divided  into  four  principal 
operations  : 

(i)  Selection  of  the  specimen.  i 

(2)  Polishing^ 

(3)  Etching, 

(4)  J\Iiiimsc^gical_exajni^^  and  jphgtographic  reconi_:when 
jequired. 

I.  SELECTION   OF   THE   SPECIMEN 

This  operation  will  be  considered  under  three  headings  : 

1.  The  position  from  which  the  specimen  is  to  be  obtained. 

2.  The  method  and  necessary  precautions  to  be  taken  in  obtain- 
ing the  specimen. 

3.  The  state  or  condition  of  the  metal  from  which  the  specimen 
IS  to  be  taken  :    viz.  hardened,  annealed,  etc. 

I.  The  position  from  which  the  specimen  is  taken  is  of  primary 
importance,  and  depends  largely  on  the  purpose  of  the  examination. 
If  the  general  structure  of  an  article  has  to  be  examined,  and  it  can 
be  cut  up,  samples  may  be  taken  from  the  centre  and  each  end. 

Frequently  the  article  is  required  for  further  use,  in  which  case 
the  positions  from  which  specimens  can  be  taken  are  limited. 

In  the  case  of  a  failure  during  use,  a  fracture  for  example,  the 
fracture  itself  should  be  microscopically  examined.  Specimens  of 
this  character  require  the  greatest  care  in  pohshing  to  ensure  that 
the  fractured  edge  is  not  destroyed.  1 

There  is  another  method  of  investigation — macrographic  examina- 
tion— to  be  fully  explained  later,  that  gives  great  assistance  in  the 

1  Rosenhain's  method  may  be  advantageously  used  in  the  investigation  of 
fractures.  The  article  to  be  examined  is  first  electro-plated  with  copper.  The 
copper  protects  the  fracture  during  the  subsequent  cutting  and  poUshing  operations. 

I  B 


2  METALLOGRAPHY 

selection  of  a  specimen.  Macrographic  examination  shows  quite 
clearly  the  homogeneous  areas,  heterogeneous  areas  (segregation 
and  liquation),  and,  in  many  instances,  the  flow  lines  of  the 
metal. 

Attention  must  also  be  given  to  the  orientation  of  the  specimen 
with  regard  to  the  direction  of  forging  or  rolling. 

Finally,  the  exact  position  from  which  the  specimen  is  taken 
must  be  noted  and  the  back  of  the  specimen  marked  so  that  the 
relative  position  of  the  polished  face  is  known. 

The  two  photographs  (PI.  L,  Figs,  i  and  2)  of  puddled  iron  are 
typical  examples.  Fig.  i  shows  a  section  in  the  direction  of  forging  : 
the  slag  is  elongated  in  one  direction  by  the  mechanical  treatment  ; 
Fig.  2  shows  a  section  at  right  angles  to  the  direction  of  rolling  : 
the  slag  fibres  have  been  cut  through  in  the  plane  of  the  pohshed 
face.  PI.  L,  Figs.  3  and  4,  illustrate  the  effects  of  rolHng  in  the  case 
of  an  annealed  medium  carbon  steel. 

2.  The  specimen  is  usually  obtained  by  cutting  off  a  small 
portion  with  a  hack-saw.  When  the  material  is  very  hard  it  is 
easier  and  less  costly  to  use  a  thin  carborundum  wheel.  Care  is 
required  when  thin  carborundum  wheels  are  used,  as  any  angular 
movement  of  the  article  being  cut  will  fracture  the  wheel.  If  the 
material  is  very  brittle  (ferro-alloys,  bronzes  rich  in  tin,  etc.)  it 
can  be  fractured  with  a  hammer  and  a  suitable  piece  selected  for 
grinding  and  pohshing. 

3.  The  material  from  which  the  specimen  is  to  be  obtained 
may  have  been  cast,  rolled,  forged,  stamped,  drawn,  annealed, 
quenched,  etc. 

The  treatment  that  the  metal  has  undergone  is  of  the  utmost 
importance,  and  must  be  clearly  defined  when  considering  the 
microscopical  structure.  These  questions  will  be  fully  dealt  with 
in  Chap.  IV.  under  the  heading  of  "  The  Industrial  Apphcations 
of  Metallography."  However,  in  most  cases,  the  material  is 
examined  either  in  the  condition  in  which  it  is  dehvered  or 
else  after  some  special  treatment  preparatory  to  use,  such  as 
annealing. 

The  dimensions  of  the  specimens  vary  considerably.  Certain 
microscopes  are  so  constructed  that  relatively  large  areas  can  be 
examined  without  any  great  inconvenience,  but  in  most  cases  it 
is  advisable  to  Hmit  the  size  of  the  specimen  to  approximately 
ID  mm.  xio  mm,  x8  mm.  thick. 

When  necessary  much  smaller  specimens  (1-2  mm.  sq.)  can  be 
examined.  In  such  cases  it  is  usual  to  embed  the  specimen  in 
fusible  metal,  solder,  seahng-wax,  or  other  suitable  medium,  by 
which  means  the  finest  wire,  turnings,  and  even  fihngs  may  be 
examined. 


TYPICAL   STRUCTURES    OF    DIFFERENT   SECTIONS   OF  THE    SAME 

SPECIMEN. 


i'  Wrought  iron  showing  slag  inclusions  (.unetched). 

(X  57.) 


"^^ftflBM^fc.^ 


•-^^ 


Fig.  1. — Section  in  the  direction 
of  foro-ins:. 


Fig.  2. — Section  at  right  angles  to  direction 
of  forging. 


2°  Medium  carbon  steel,  annealed. 

(C  =  0-3  %  ;  Mn  =  0-34  %  ;  Si  =  0-19  ;  S  =^0-056  ;  P  =  0-061.)     Etchant :  Benedicks'  reagent. 


Pig.  3.— Section  in  the  direction 
of  rolling. 


Fig.  4.— Section  at  right  angles  to  direction 
of  rolling. 


PI  II. 


PREPARATION   OF   SPECIMEN. 


-^ 


Fig.  18. — The  specimen  partially  polished. 
The  slag  is  seen  through  the  scratches. 


Fig.  19. — Polished  specimen  uuetched. 
The  slag  is  clearlv  seen. 


Fig.  20.— The  specimen  after  etching. 
The  slag  is  shown  in  the  same  position  in  the  centre  of  the  white  area. 
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2.  POLISHING 

For  many  years  the  poUshing  of  a  metal  specimen  for  micro- 
scopical examination  was  considered  an  operation  requiring  the 
greatest  skill.  New  methods,  introduced  by  Le  ChateHer,  have 
greatly  simplified  this  operation,  and  excellent  results  may  now  be 
obtained  if  a  few  simple  precautions  are  observed. 
^PoHshing  is  carried  out  in  three  stages  : — 

(A)  Grinding  or  fihng  to  obtain  a  flat  surface. 

(B)  Fine  grinding  on  emery  papers. 

(C)  Wet  polishing,  which  gives  the  desired  poHsh  and  leaves  no 
trace^of  scratches.  It  must  be  remembered  that  magnifications  of 
500  to  1000  diameters  are  used  in  the  examination  of  many  specimens. 

(A)  Grinding.— The  object  of  fihng  or  grinding  is  to  form  a  flat 
surface  on  the  specimen  obtained  from  the  hack-saw  or  by  fracture. 
An  emery  or  carborundum  wheel  is  usually  used  for  this  purpose.' 
These  wheels  are  mounted  either  vertically  or  horizontally  and  run 
at  speeds  from  1500-4000  r.p.m.,  depending  on  the  texture  and 
diameter  of  the  wheels.  Various  means  are  used  to  drive  the  wheels  : 
foot-power,  shafting,  etc.  ;  a  convenient  method  being  to  mount 
the  wheel  direct  on  a  variable  speed  motor.  It  is  always  advisable 
to  have  a  sKde-rest,  close  to  the  wheel,  against  which  the  specimen 
may  be  held. 

When  the  wheels  are  mounted  vertically,  the  one  spindle  usually 
carries  two  or  sometimes  four  wheels.  In  the  case  to  be  considered 
only  two  wheels  are  used  ;  a  carborundum  wheel  to  obtain  a  flat 
surface,  and  a  disc  which  has  been  surfaced  with  coarse  emery  paper  • 
the  purpose  of  this  disc  is  to  lessen  the  work  and  time  required  for 
fine  grinding. 

The  softer  metals  may  be  more  easily  and  better  dealt  with  by 
filing,  and  should  not  be  ground  on  the  wheels. 

When  the  edge  of  the  specimen  is  not  required  for  examination 
It  is  advisable  to  file  or  grind  off  the  edges  and  corners  and  thereby 
lessen  the  danger  of  tearing  the  emery  papers  and  pohshing  cloths 
used  in  the  later  operations. 

Precautions  must  be  taken  to  avoid  any  heating  of  the  specimen 
both  in  sawing  off  and  in  the  subsequent  pohshing  operations  A 
rise  in  temperature  of  ioo°-2oo°  C.  would  have  a  great  effect  on 
certain  metals,  notably  quenched  or  cold- worked  alloys.  This  may 
be  avoided  by  keeping  the  specimen  continuously  moistened,  or  by 
frequent  quenching  in  water,  during  the  pohshing  operations  The 
temperature  of  the  back  of  the  specimen  is  no  criterion  of  the 
temperature  of  the  face  of  the  specimen  which  alone  is  of  consequence 
The  specimen  should  never  feel  warm  to  the  hand,  for  this  would 
signify  a  considerable  rise  in  temperature  of  the  face  being  ground. 
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The  mounting  of  specimens  too  small  to  handle  may  be  carried 
out  by  inserting  them  in  steel  or  brass  tubes,  which  are  then  filled 
with  sealing  wax  or  other  suitable  material.  The  specimen  should 
first  be  ground  as  flat  as  possible,  after  which  it  is  placed  face 
downwards  on  a  glass  plate  or  other  flat  surface  and,  the  brass  tube 
having  been  placed  over  the  top  of  the  specimen,  the  melted  wax 
is  poured  in.  Finally,  the  tube  and  wax  are  heated  by  a  bunsen 
burner  to  allow  the  wax  to  flow  freely  and  fill  up  any  cavities. 


1 


;^V 


Fif 


5. — Vertical  polishing  machine  fitted  with  four  discs  (alumina-water 
sprays  in  front  of  the  discs). 


(B)  Fine  Grinding. — The  second  and  longest  operation  forms 
a  surface  on  the  specimen,  consisting  of  a  series  of  very  fine  scratches, 
which  may  be  easily  and  quickly  removed  by  wet  polishing.  The 
operation  is  carried  out  on  a  series  of  surfaces  previously  dressed 
with  abrasives  of  different  grades.  The  specimen  is  held  so  that 
the  scratches  from  the  abrasive  will  be  formed  in  one  direction  only, 
and  the  rubbing  down  is  continued  until  all  other  scratches  are 
removed. 

The  specimen  is  then  transferred  to  the  next  finer  abrasive.  It 
is  turned  through  an  angle  of  90°  and  the  rubbing  down  continued 
until  the  scratches  from  the  previous  paper  are  entirely  eliminated. 
The  specimen  now  passes  to  the  next  finer  paper  and  the  operation 
is  repeated.  Finall}'^,  the  specimen  leaves  the  last  paper  with  a 
series  of  scratches  entirely  formed  by  the  finest  abrasive  used.     The 
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surface  of  the  metal  consists  of  a  very  thin  strained  layer,  which, 
according  to  Osmond  and  Cartaud,  is  of  varying  thickness,  depend- 
ing on  the  grade  of  emery  used  [Revue  generale  des  Sciences,  16,  57, 
1905).  For  many  years  it  was  believed  that  different  materials 
required  different  grades  of  polishing  powders  or  abrasives.  In 
practice,  the  same  two  grades  of  abrasives  are  used  for  all  metals  : 
emery  paper  0000,  emery  powder  0000. 

There  are  many  methods  of  using  the  various  poUshing  and 
grinding  materials  :  emery  papers  fixed  on  revolving  discs  (Martens); 
cloths  tightly  stretched  on  boards  and  then  dressed  with  emery 
powder  (ChateHer)  ;  both  of  these  methods  having  the  disadvantage 
that  it  is  necessary  to  have  at  least  as  many  discs  or  boards  as 
grades  of  emery.  The  simplest  and  best  method  is  to  rub  down  the 
specimen  by  hand  on  a  piece  of  emery  paper  placed  on  any  flat 
surface,  such  as  a  glass  plate,  care 
being  taken  that  no  dirt,  etc.,  is 
under  the  paper.  The  French  emery 
papers  (Hubert)  will  be  found  quite 
satisfactory  for  this  purpose.  Grades 
I,  0,  GO,  000,  0000.1 

(C)  _PoIishing.  —  The  operation 
of  polishing  a  metal  specimen  for 
microscopical  examination  may  be 
easily  performed  with  the  modern 
appKances  if  certain  precautions 
are  taken  in  the  preparation  and 
care  of  the  poUshing  powders  and 
wheels.    The  poUshing  wheels  must 

be  made  of  material  impervious  to  water,  usually  metal    (brass), 
but  weU  seasoned  hard  wood  may  be  substituted  if  the  working  face 
is  protected  by  a  covering  of  sheet  metal  (zinc).     The  poUshing  cloth 
is  stretched  tightly  over  the  wheel  and  fastened  at  the  sides  or  back 
by  means  of  a  spring  or  other  suitable  device.     Care  is  required  in 
the  selection  of  a  suitable  cloth,  which  must  be  thick,  soft,  smooth, 
and  free  from  any  hard  material.^     Before  use  it  is  advisable  to  wash 
the  cloths  with  soap  and  ammonia  to  remove  aU  traces  of  grease, 
grit,  etc.     To  obtain  satisfactory  results,  the  wheels  should  be  run 
at  speeds  varying  from  1000-1800  r.p.m.     They  may  be  mounted 
vertically  or  horizontally,  in  the  former  case  the  usual  practice  being 
to  mount  two  or  four  wheels  on  one  shaft.     Some  protection  from 
dust  must  be  provided  ;    the  most  satisfactory  arrangement  con- 
sisting of  a  complete  metal  covering  with  a  detachable  lid,  which 

It  IS  frequently  possible  to  omit  papers  ooo,  oooo,  and  pass  direct  from  the  oo 
paper  to  the  coarse  wet  pohshing  wheel.— Trans. 

-  Discs  of  fine  compressed  felt  are  sometimes  employed  for  the  harder  alloys. 


Fig.  6. — Enclosed  vertical  grinding- 
discs  with  direct  motor-drive 
(Goerens). 
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is  removed  when  the  polishing  cloth  is  required  for  use.  A  specially 
designed  room  (enamelled  walls,  oiled  floor,  etc.)  is  frequently 
reserved  for  polishing  operations  in  large  laboratories,  to  ensure 
that  the  polishing  machines  may  be  completely  isolated  from  dust, 
etc.  Although  the  above-mentioned  precautions  are  essential  the 
perfection  of  the  final  polish  will  depend  mainly  on  the  quality  of 
the  polishing  powder. 

The  preparation  of  satisfactory  polishing  powders  has  been  greatly 

faciUtated  by  new  me- 
r"  --  ■    ■.       —      -  thods  introduced  by  Le 

Chatelier,  the  direct  re- 
sult of  which  has  been 
the  simpUfication  of  the 
operation  of  polishing. 

The  materials  in 
common  use  as  polish- 
ing powders  are  alumina, 
rouge  (oxide  of  iron), 
washed  emery,  and 
chromic  oxide. 

Alumma,  chromic 
oxide,  and  rouge  may 
be  obtained  by  calcining 
ammonia  alum,  ammo- 
nium bichromate,  and 
iron  oxalate  respec- 
tively, or  the  pure  oxides 
may  be  obtained  from 
any  chemical  dealer. 

In  either  case  the 
material  requires  very 
thorough  washing,  fol- 
lowed by  classification 
or  grading.  In  France, 
alumina  is  in  most 
general  use.  The  most 
simple  method  of  clas- 
sification or  grading  is 
as  follows  :  grind  the 
specially  calcined  alumina  into  a  thin  paste  with  a  little  water, 
dilute  with  more  water  until  the  concentration  is  approximately 
50  grms.  alumina  per  litre  and  mix  thoroughly.  Allow  to  stand 
for  15  minutes  before  decanting  the  solution  containing  a  certain 
proportion  of  alumina  in  suspension.  The  alumina  in  suspension 
may  be  used  for  poHshing  the  harder  metals  and  alloys  (steels),  or 


Fig.   7. — Hozizontal  polishing  machine. 

D,  D',  polishing  wheels,  protected  by  covers  E,  E' ;  F, 
alumina-water  spray,  supported  on  stands  t,  t' ; 
M,  motor  ;    R,  variable  speed  resistance. 
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Fig.  8. 


Polishing  wheel  mounted  direct  on 
motor. 


/  wheel ;   M,  motor  ;  b,  b',  terminals ;    B,  detach- 
able cover. 


the  solution   may  be   allowed   to   stand  for  two   hours  and  again 
decanted.       The     alumina 

that  then  settles  is  suitable    r~  "~  ^i 

for  polishing  steels,  and 
that  still  in  suspension  for 
the  final  polishing  of 
brasses,  bronzes,  etc.  If 
very  soft  metals  are  being 
examined,  further  decanta- 
tions  can  be  made  and 
even  finer  products  ob- 
tained. For  general  use,  the 
two  products  mentioned 
will  answer  all  require 
ments,  the  first  (coarser) 
product  for  steels  and 
the  second  (finer)  pro- 
duct for  the  iinal  pohsh- 
ing  of  brasses  and  soft 
metals  after  a  prehminary  polish  with  the  coarser  powder.^ 

Each      grade      of  

polishing  powder  will,  /F===o=g= 

of  necessity,  require 
a  separate  wheel,  and 
too  great  attention 
cannot  be  given  to 
cleanUness.  Specimens 
before  being  transfer- 
red to  finer  wheels  for 
further  polishing  must 
be  thoroughly  washed 
to  remove  the  last 
traces  of  the  previous 
powder. 

The  number  and 
nature  of  the  abra- 
sives depends  mainly 
on  the  materials  to  be 
polished,  the  harder 
metals,  although  re- 
quiring more  pressure,   being  naturally  the  easier  to  polish. 

^  Polishing  forms  a  flow  film  on  the  surface  of  the  metal — amorphous  film  (Beilby)- 
In  certain  cases  the  formation  of  the  film  is  avoided  by  means  of  what  is  known 
as  polish  attack,  the  etching  taking  place  simultaneously  with  the  polishing.  Copper 
alloys  may  be  successfully  polished  in  this  manner  by  the  use  of  a  mixture  of  chromic 
oxide  and  ammonia  (Osmond  and  Cartaud). 


Fig.  9. — Horizontal  polishing  wheel,  fitted  with 
water  spray  and  drain  tap. 
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PI.  IL,  Figs.  18-20,  (p.  3)  illustrate  a  specimen  in  the  various 
stages  of  polishing  and  etching.  The  same  portion  of  the  specimen 
has  been  photographed  in  each  case. 

One  of  the  authors,  to  illustrate  the  ease  and  rapidity  with  which 
a  specimen  may  be  prepared,  gives  a  complete  demonstration  to 
his  students  during  their  course  of  instruction.  Assuming  a  sample 
is  chosen  that  can  be  easily  sawn  with  a  hand  hack-saw,  such  as  a 
bearing  metal,  the  complete  operation,  including  cutting  off,  grinding, 
polishing,  etching,  microscopical  examination  and  photographic 
record,  including  development,  occupies  12-15  minutes.  Moreover, 
in  certain  works  laboratories  as  many  as  thirty  specimens  may  have 
to  be  examined  per  hour. 

Many  methods  have  been  suggested  to  avoid  the  difficulties 
met  with  in  attempting  to  polish  very  soft  metals.  Behrens  has 
suggested  the  use  of  paraffin  on  the  emery  papers  to  act  as  a  lubricant 
and  prevent  dragging  ;  Ewing  and  Rosenhain  cast  the  lower  melting 
point  alloys  on  a  sheet  of  polished  plate  glass  and  the  higher  melting 
point  alloys  (6oo°-iioo°)  on  a  polished  steel  plate.  In  order  to  avoid 
the  frequent  breakages  that  occur  when  using  glass  Hannover 
has  suggested  the  use  of  a  newly  split  mica  sheet. 

All  these  methods  are  open  to  criticism  in  the  case  of  alloys,  as 
they  affect  the  rate  of  cooling  and  consequently  the  constitution. 

It  should  be  mentioned  that  alumina  may  be  prepared  by  the 
amalgamation  of  aluminium  :  aluminium  sheet  or  wire  agitated 
with  mercury  and  exposed  to  air  is  rapidly  oxidised  to  alumina. 
The  only  drawback  to  this  method  of  preparation  is  that  the 
alumina  produced  is  in  an  extremely  fine  state  of  division. 

3.  ETCHING 

After  polishing  it  is  necessary  to  etch  the  specimen  in  orderjto 
^eveal  the  structure. 

It  is  impossible  to  give  any  general  rules  as  to  the  choice  of 
etching  reagents.  The  ordinary  chemical  reactions  are  of  assistance 
in  selecting  suitable  reagents  for  the  pure  metals  and  less  complex 
alloys.  Thus,  dilute  potassium  hydroxide  gives  excellent  results 
with  many  alloys  rich  in  aluminium  ;  but  this  is  not  always  the 
case,  and  it  should  be  recognised  that  many  of  the  most  commonly 
used  reagents  gave  no  indication  of  their  utihty  before  trial. 

A  brief  description  of  the  various  methods  of  etching  will  now 
be  given  before  proceeding  with  an  account  of  the  more  important 
etching  reagents  and  their  uses. 

Etching  in  Bas-relief. — This  effect  is  frequently  produced,  a 
thick  cloth  on  the  polishing  wheel  being  sufiQcient  to  cause  its  appear- 
ance.    Under  these  conditions  the  softer  constituents  are  ground 
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nitric  acid  in  glacial  acetic  acid  (HN03=^=i"32)  ;  solution  (b) 
equal  parts  of  methyl,  ethyl,  and  isoamyl  alcohols.  The  two  solutions 
are  mixed  immediately  before  use  in  the  proportion  :  i  part  [a) 
to  3  parts  (6).     Only  glacial  acetic  acid  must  be  used. 

This  reagent  gives  a  very  slow  and  regular  etching  effect  and  has 
been  used  to  distinguish  troostite  from  the  other  constituents  of  steel. 

(7)  Acid    ferric    chloride    solution.     Grard    has    suggested    the 
follo\\dng  compositions  : — 

(a)  Brasses  containing  67  per  cent.  Cu : 

Water 

Hydrochloric  acid,  22°  Baume 

Ferric  chloride   . . 

{b)  Brasses  containing  90  per  cent 

Water 

Hydrochloric  acid,  22°  Baume 

Ferric  chloride    . . 

Alcoholic  solutions  may  also  be  used  with  advantage  : 

Alcohol 750  c.c. 

Hydrochloric  acid,  22  Baume  . .  . .     250  c.c. 

Ferric  chloride    . .  . .  . .  . .       34  grms. 

The  use  of  ferric  chloride  as  an  etchant  for  all  alloys  of  copper, 
brasses,  bronzes,  etc.,  has  become  practically  universal  since  its 
employment  by  Heycock  and  Neville  in  their  joint  research  on  the 
copper-tin  series. 

(8)  Copper  chloride  solution  :  10  grms.  copper  ammonium  chloride 
in  120  c.c.  water.  Used  for  copper  alloys  and  for  developing  the 
macrostructure  of  steels. 

(9)  Ammoniacal  copper  solution  :  This  reagent  gives  better 
results,  with  copper  alloys,  than  No.  8.  It  is  prepared  by  adding 
ammonia  to  a  solution  of  any  copper  salt  until  the  precipitate  at 
first  formed  is  just  redissolved. 

(10)  Dilute  potassium  hydroxide  :  This  reagent  is  very  useful  for 
aUoys  rich  in  aluminium.  The  most  suitable  strength  varies  with 
different  alloys,  but  as  a  general  rule  50  per  cent,  potassium  hydroxide 
solution,  36°  Baume,  in  distilled  water  is  used.  In  some  instances 
the  addition  of  a  few  drops  of  hydrogen  peroxide  improves  the 
results. 

(11)  Hot  solution  of  sodium  or  ammonium  hydroxide  to  which  is 
added  a  few  drops  of  hydrogen  peroxide  immediately  before  use. 
Used  as  a  reagent  for  various  copper  alloys. 

(12)  Weak  acids,  chiefly  dilute  aqueous  or  alcoholic  solutions  of 
hydrochloric  or  nitric  acids,     (i  c.c.  hydrochloric  acid  (dens.  =1  22) 
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to  200  c.c.  water,  suggested  by  Arnold  :  i  c.c.  hydrochloric  acid 
(dens.  =1-19)  to  100  c.c.  alcohol.) 

(13)  Dilute  silver  nitrate  solution  (2-5  per  cent.)  :  Useful  for 
bearing  metals  ;  a  black  film  is  formed  on  the  alloy  which  must  be 
washed  off  with  water. 

The  more  common  etching  reagents  are  thus  very  few  in  number 
and  may  be  easily  prepared.  The  usual  method  of  use  is  to  immerse 
the  specimen  in  the  reagent  contained  in  a  small  evaporating  basin, 
petrie  dish,  or  other  suitable  receptacle.  In  some  cases  it  may  be 
found  more  convenient  to  pour  the  reagent  over  the  specimen  placed 
polished  face  upwards  in  a  dish  ;  the  dish  may  be  rocked  to  and  fro 
to  ensure  the  even  etching  of  the  whole  surface. 

In  either  case  the  etching  is  stopped  by  washing  in  a  jet  of 
running  water  ;  if  the  specimen  is  porous  or  contains  holes  or 
cavities  of  anj^  kind,  this  washing  must  be  thorough  to  ensure  the 
complete  removal  of  the  last  traces  of  etching  reagent  and  thus 
avoid  any  consequent  staining.  The  specimen  may  then  be  dried 
in  a  current  of  air  or  by  washing  first  in  alcohol  and  then  in  ether. 
The  polished  face  of  the  specimen  must  not  be  rubbed  after  etching. 


4.  MICROSCOPICAL   EXAMINATION   AND   PHOTOGRAPfflC 

RECORD 

A  complete  microscopical  outfit  for  metallurgical  work  consists 
of  three  essential  parts  : 

The  illuminating  apparatus  ; 

The  microscope  ; 

The  camera. 

~The  examination  of  an  opaque  object  has  to  be  carried  out  by 
reflected  light. 


E 


D 


Fig.  10. — Oblique  illumination  by  mirror  (Goerens). 

A,  objective  ;   B,  microscope  body  ;   C,  eyepiece  ;  D,  specimen  ;    r,  beam  of  light  ; 
E,  mirror  ;    a,  polished  surface  ;   b,  etched  surface. 

Brief  descriptions  of  several  metallurgical  microscopes  will  now 
be  given,  but  only  the  most  general  forms  in  use  will  be  described  ; 
for  further  details  and  descriptions  of  other  types  of  instrument  the 
reader  should  refer  to  other  works.  1 

1  Sauveur,  "  The  Metallography  and  Heat  Treatment  of  Iron  and  Steel." 
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{a)  Le  Chatelier's  microscope  is,  undoubtedly,  the  most  used 
instrument  of  its  type,  and  will  be  more  fully  dealt  with  than  the 
other  representative  types. 

(b)  Nachet's  apparatus. 

(c)  Marten's  stand,  used  mostly  in  Germany  and  Switzer- 
land. 

(d)  A  portable  metallographic  outfit. 

The  method  of  illumination  must  first  be  considered.  For  visual 
observation  the  more  usual  illuminants  are,  the  incandescent  gas 
mantle,  the  carbon  or 
metallic  filament  incan- 
descent electric  lamp, 
the  half-watt  lamp,  the 
Nernst  lamp,  and,  when- 
ever possible,  daylight 
(clouds) . 

For  photographic 
work  the  mercury  va- 
pour lamp,  of  which  a 
special  pattern  has  been 
designed  by  Le  Chatelier, 
or  more  often  the  arc 
lamp,i  should  be  used. 
In  fact,  for  metallurgical 
work,  two  independent 
sources  of  illumination 
are  a  great  advantage  ; 
the  one  for  visual  ob- 
servation, preferably  a 
Nernst  lamp  ;  the  other 
for  photographic  work, 
preferably  an  arc  lamp.  2 

An  ordinary  form  of 
arc  lamp  is  illustrated  in 

Fig.  II,  the  two  carbons  being  hand  fed.     Automatic  arc  lamps  are 
also  used. 

The  light,  from  whatever  source  of  illumination,  is  collected  by  a 
convex  lens  (condenser)  which  throws  a  parallel  beam  on  to  the 
illuminator,  extraneous  light  having  been  obstructed  by  suitable 
diaphragms.  If  hght  of  any  given  wave  length  is  required,  the  beam 
is  also  passed    through  parallel-sided  troughs  containing  suitable 

1  Translator's  note:  The  500  c.p.  and  1,000  c.p.  Pointolite  lamps  (Tungsten 
arc)  are  now  largely  superseding  the  arc  lamp  for  this  purpose. 

2  The  arc  lamp  will  serve  equally  well  for  visual  observation,  but  the  amount  of 
light  must  be  cut  down  by  means  of  a  hght  filter  or  ground  glass  placed  in  front  of 
the  condenser. 


Fig.  II. — Arc  lamp. 
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liquids  as  light  filters,  such  as  a  saturated  solution  of  potassium 
bichromate  or  picric  acid  (yellow  filters). 

The  beam  of  light  is  finally  thrown  on  to  the  specimen  by  means 
of  a  mirror  (Fig.  lo),  a  parallel-sided  glass  slip  (Fig.  12),  or  a  totally 
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Fig.   12.  —  Illumination 
by  parallel-sided  slip. 

<X  A,  objective  ;  B,  micro- 
scope body  ;  C,  eye- 
piece ;  D,  specimen ; 
a,  beam  of  light ;  F, 
path  of  light  rays 
passing  through  the 
7  slip ;   a,  polished  sur- 

^         face;  h,  etched  surface. 


reflecting  prism  (Fig.  13).  The  distinction  between  illumination 
by  reflected  and  transmitted  light  is  thus  clearly  shown  by  the 
different  position  of  the  mirror  or  other  illuminating  device. 

WitiLillurnination  by  reflected  light,  the  light  is  thrown  on  the 

face  of  the  specimen,  but  with  trans- 
mitted light  it  is  thrown  on  the 
"under  side  of  the  specirne^Z  The 
illumination    may    be     vertical 


B 


D 


or 

oblique,  according  to  the  relative 
position  of  the  illuminator  to  the 
optic  axis  of  the  microscope. 

In  the  case  of  oblique  illumina- 
tion, which  can  be  easily -a^i^ang^d 
by  means  of  a  mirror,  a_ 


Fig.  13. — Illumination  by  totally 
reflecting  prism. 

A,  objective;  B,  microscope  body; 
C,  eyepiece ;  D,  specimen  ;  a,  beam 
of  light ;  G,  totally  reflecting  prism.     J)Qllshed  _  Specimen  3y0uld  noL  Jisflecj: 

any  light  into  the  ob]ective,_aS-.  it 
would,.aJl  be  reflected  obliquely  in  accordance  with  the  laws_of 
reflection,  and  therefore  the  surface  would  appear  dark.  But  when 
the  surface  (&)  has  been  etched  in  certain  portions,  some  areas 
would  be  situated  at  such  an  angle  that   light  would  be  reflected 
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Fig.  14.— Path  of  the  hght  rays  in  Le  Chatelier's  microscope. 

into  the  objective,  and  these  portions  would  appear  bright  in  the 
dark  ground  mass  of  the  unattacked  metal. 

{a)  Le  Chatelier's  Microscope. — The  chief  features  of  the  instru- 
ment are  as  follows  : — 
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(i)  The  objective  is  inverted,  the  specimen  being  placed  face 
downwards  on  the  stage,  which  is  situated  above  the  objective. 

(2)  The  horizontal  body  tube  and  eyepiece  permit  the  observer 
to  view  the  specimen  whilst  seated  at  the  side  of  the  instrument. 
The  light  is  reflected  into  the  eyepiece  by  means  of  a  totallj^  reflecting 
prism. 

(3)  The  rotating  prism  allows  the  light  to  be  reflected  to  the 
eyepiece  for  visual  observation,  or,  by  rotating  the  prism  through 
90°,  down  another  tube,  through  a  projection  eyepiece,  to  a  ground 
glass  screen  at  the  end  of  the  camera. 

In  the  earlier  forms  of  the  apparatus  the  camera  was  placed  in  a 
vertical  position  underneath  the  stage,   allowing  the  light  rays  a 


Fig.  15. — Le  Chatelier's  metallographic  apparatus. 
From  left  to  right :   Camera,  microscope,  condenser,  arc  lamp,  Nernst  lamp. 

straight  path  from  the  objective  through  the  projection  eyepiece  to 
the  ground  glass  screen.  This  arrangement  has  since  been  modified 
to  its  present  form,  as  focussing  was  found  to  present  great  difficulties 
in  the  original  apparatus. 

(4)  Focussing  by  movement  of  the  entire  stage  and  specimen 
without  disturbing  the  illumination,  etc. 

Fig.  14  illustrates  diagrammatically  the  path  of  the  rays  through 
the  apparatus. 

The  light  from  the  arc  lamp  L  is  collected  by  the  condenser  /  and 
thrown  into  the  microscope  through  the  diaphragm  D.  It  then  passes 
through  a  second  condenser  I'  on  to  the  convex  surface  of  the  totally 
reflecting  prism  P.  In  some  patterns  of  the  instrument,  the 
diaphragm  D,  the  condenser  /',  and  the  prism  P  are  mounted  in  a 
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separate  tube  attached  to  the  side  of  the  microscope.  The  light, 
reflected  upwards  by  the  prism  P,  passes  through  the  inverted 
objective  O  on  to  the  specimen.  Reflected  by  the  specimen  the 
rays  again  pass  through  the  objective  on  to  the  second  prism  P', 
by  which  they  are  reflected  at  right  angles  into  the  projection  eyepiece 
0  and  pass  to  the  ground  glass  screen  p. 

It  should  be  observed  that  the  rays  are  not  absolutely  vertical 
as  they  enter  and  leave  the  objective  ;  this  is  essential  if  the  two 
prisms  P  and  P'  are  to  work  satisfactorily.  The  prism  P'  can  be 
rotated  through  90°  to  allow  the  rays  to  be  reflected  down  the 

body-tube  to   the   eyepiece 
for  visual  observation. 

Focussing. — The  speci- 
men, which  is  polished  on 
one  side  only,  is  placed  face 
downwards  on  the  stage 
above  the  objective.  The 
stage,  in  the  more  modern 
forms  of  the  apparatus,  is- 
supported  on  three  columns 
(Fig.  17).  The  earlier  forms 
had  a  tendency  to  bend  and 
could  not  be  used  for  heavy 
specimens  (Fig.  16).  Focus- 
sing is  carried  out  by  raising 
or  lowering  the  stage  by 
means  of  a  rack  and  pinion 
for  coarse  adjustment,  a 
micrometer  screw  for  fine 
adjustment.  The  specimen 
is  roughly  focussed  with  the 
coarse  adjustment,  which  is 
then  clamped  and  the  fine  adjustment  used  for  obtaining  the  exact 
focus. 

The  adjustment  is  made  by  turning  the  milled  heads  when 
viewing  the  specimen  through  the  visual  observation  tube  or  by 
means  of  a  flexible  extension  when  focussing  on  the  ground  glass 
screen  for  photographic  work. 

In  order  that  different  portions  of  the  specimen  may  be  examined 
the  stage  is  made  to  rotate  and  traverse  in  two  directions  at  right 
angles  ;  all  three  movements  being  made  by  micrometer  screws 
operated  by  milled  heads.  Graduated  scales  are  provided  on  both 
movements,  each  division  of  the  scale  corresponding  approximately 
to  .7,V(>  T^T^-  movement  of  the  specimen.  Thus,  by  this  means,  the 
specimen  may  be  easily  removed  and  replaced  in  exactly  the  same 


Fig.  16. — The  stage,  Le  Chatelier's  microscope. 

a,  J,  C,  milled  heads  operating  rotating  and 
traversing  movements  of  the  stage  ;  B,  milled 
head  operating  rack  and  pinion  focussing  ; 
S,  fine  adjustment ;    B',  clamping  crew. 
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position,  assuming  its  position  on  the  stage  is  fixed.  The  fixed 
position  on  the  stage  is  arranged  for  by  having  two  file  marks  on  the 
side  of  the  specimen  which  correspond  with  two  adjustable  knife- 
edged  pointers  fixed  to  the  stage.  This  device  is  frequently  of  great 
utility  in  investigating  fractures,  etc.,  and  in  examining  the  effects 
of  various  reagents  on  the  same  portion  of  a  specimen.     A  typical 


Fig.  17. — Le  Chatelier's  microscope.      Latest  pattern:    stage  supported  on 

three  columns. 

F,  stage  :  V,  flexible  extension  for  focussing  on  ground  glass  screen  ;  B,  microscope 
stand  ;  C,  milled  head  for  rack  and  pinion  ;  D,  fine  adjustment ;  E,  clamping 
screw,  T,  T,  t,  rotating  and  traversing  movements  to  stage. 

example  is  given  (PI.  II.,  Figs.  18-20,  p.  3)  in  the  case  of  a  steel 
specimen  containing  two  slag  patches.  The  same  pieces  of  slag  can 
be  seen  in  each  case — after  partial  polishing  and  when  polished — 
in  the  middle  of  the  white  area  after  etching. 

The  chief  advantages  of  Le  Chatelier's  apparatus  are  :  the  ease 
of  manipulation,  the  automatic  levelling  of  the  specimen  which  may 
be  of  any  shape,  and  the  possibility  of  examining  large  surfaces. 

Nachet's  Apparatus. — Apparatus  of  this  type  has  been  used  by 
Guillemin,  Osmond,  and  Charpy,  all  of  whom  have  aided  in  its  design 
and  improvement.     The  apparatus  may  be  best  described  as  being 
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Fig.  21. 


an  ordinary  microscope  adapted  for  metallurgical  work  by  the 
addition  of  special  illuminators.  The  objective  and  eyepiece  are 
placed  at  the  opposite  ends  of  the  body  of  the  microscope  in  the  same 
axis,  the  stage  being  situated  below  the  objective.     Focussing  is 

obtained  by  moving  the  tube  relatively  to 
the  stage,  preferably  by  moving  the  stage 
and  leaving  the  microscope  tube  and  camera 
stationary.  The  specimen  is  mounted  in 
"  plasticine  "  on  a  glass  slip,  levelled,  and 
fixed  on  the  stage  with  the  usual  clips  (Fig. 
23).  It  is  essential  that  the  specimen  shall 
be  perpendicular  to  the  optic  axis  of  the 
microscope,  and  the  art  of  making  this 
adjustment  by  hand  can  only  be  acquired 
by  experience,  but  the  operation  may  be 
simplified  by  the  use  of  parallel-sided  brass 
rings  fitting  against  a  shoulder  on  the  objec- 
tive ;  the  specimen  mounted  in  soft  plasti- 
cine, on  a  slip,  is  pressed  up  against  the 
objective  after  having  been  clamped  on  the 
stage.  1  Two  methods  of  illumination  are 
employed.  One  form  of  illuminator  consists 
of  a  parallel-sided  slip  of  glass  (G)  fitted 
into  the  body  as  shown  in  Fig.  21  (Cornu's  arrangement).  Charpy 
added  a  right-angled  prism  (P)  to  this  illuminator,  this  addition 
permitting  the  body  tube  to  be  moved  longitudinally  without 
disturbing  the  illumination.  This  illuminator,  much  used  in  the 
past,  is  now  obsolete. 

The  second  and  more  recent  form,  known  as  Nachet's  illuminator, 
consists  of  a  right-angled  prism  placed  immediately 
above  the  objective  (Fig.  22).     The  illuminant,  con- 
densers,   etc.,    are    placed   at  right   angles  to  the 
microscope.     The  prism,  which  covers  a  portion  of 
the  back  lens  of    the   objective,   reflects   the  light 
through  the  objective  to  the  specimen.     The  illumi- 
nation being  nearly  vertical,   the  light  is  reflected 
back  through  the  objective  to  the  eyepiece.     The 
specimen  is  focussed  by  movement  of  the  stage  ;  the 
body  tube,  illuminator,  etc.,  remaining  stationary. 
The  older  patterns  of  this  instrument  had  the 
camera  fitted  in  a  vertical  position  supported  on  two  columns,  a 
light  tight  telescopic  connection  being  made  with  the  microscope 
above  the  eyepiece.      The  camera  was  lifted  and  turned  on  one 

^  Translator's   note  :    The  specimen   may  be  easily  and   accurately  levelled  by 
the  use  of  an  instrument  designed  by  Dr.Rosenhain  {Inst,  of  Metals,  vol.  xiii.  1915). 


Fig.  22. 
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of  the  vertical  supports  when  visual  observations  were  to  be  made 

(Fig-  23). 

This  form  of  apparatus  suffers  from  the  great  disadvantage  that 


Fig.  23. 


long  camera  extensions  cannot  be  employed  without  great  incon- 
venience to  the  operator,  owing  to  the  difficulty  of  focussing  on  the 
ground  glass  screen. 


Fig.  24. 


Messrs.  Nachet  have  now  overcome  this  difficulty  by  placing  the 
microscope  and  camera  in  a  horizontal  position,  and  visual  observation 
is  obtained  by  interposing  a  second  body-tube,  fitted  with  a  totally 
reflecting  prism,  immediately  behind  the  prism  illuminator  (Fig.  24) . 
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Martens'  Stand. — This  instrument  is  not  used  in  France. 

The  principle  of  the  instrument  is  as  follows  :  The  microscope 
can  only  be  used  in  the  horizontal  position,  and  is  designed  to  have 
exceptional  rigidity  in  this  position.  The  objective  A  and  the 
eyepiece  B  are  mounted  in  the  body-tube  E.  The  specimen  N  is 
mounted  on  the  glass  slip  O,  held  in  position  by  the  clips  PP.  The 
stage  Q  can  be  levelled  by  the  screws,  a,  a,  so  that  the  surface  of  the 
specimen  N  is  perpendicular  to  the  optical  axis  of  the  microscope. 
Focussing  is  carried  out  by  moving  the  whole  stage  W  in  the 
slide  g  by  means  of  the  milled  head  Y.  Fine  adjustment  is  obtained 
by  means  of  the  rod  /,  working  through  the  reduction  gearing  e  to 
the  wheel  Z.     A  further  adjustment,  to  allow  of  larger  variations  of 


Fig.  25. — Martens'  stand. 

working  distance  between  the  objective  and  specimen,  is  provided 
by  the  rack  and  pinion  GH,  gperated  by  the  milled  head  L  The 
inner  sliding  tube  F  allows  objectives  of  different  tube  lengths  to  be 
easily  interchangeable.  Illumination  for  low  power  objectives 
(photographic  objectives)  is  effected  by  means  of  a  mirror  or  parallel- 
sided  slip,  for  oblique  and  vertical  illumination  respectively,  mounted 
in  the  position  i.  For  higher  magnifications  a  Nachet  pattern  prism 
illuminator  is  employed,  mounted  immediately  behind  the  objective 
as  described  in  Nachet's  apparatus. 

Complete  Portable  Metallographic  Outfit. — This  outfit  has  been 
designed  to  enable  metallographic  investigations  to  be  made  when 
away  from  the  laboratory  ;  it  contains  all  the  necessary  apparatus 
for  polishing,  etching,  and  visual  observation,  but  no  photographic 
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attachment  is  included.  The  outfit  is  contained  in  a  box  of  con- 
venient size.  A  small  motor  is  provided  to  rotate  a  flexible  shaft, 
on  the  extreme  end  of  which  the  small  grinding  wheels  and  polishing 
discs  are  fitted  by  means  of  bayonet  catches. 

The  wheels  although  small  are  amply  large  enough  to  enable 
specimens  to  be  very  quickly  prepared.  The  set  also  includes 
dropping  bottles,  containing  the  more  usual  etching  reagents,  a 
small  alumina- water  spray,  and  several  objectives  and  eyepieces  of 
various  magnifications.     The  microscope,  which  is  of  the  vertical 


Fig.  26.— Complete  portable  metallographic  outfit. 

type,  is  so  constructed  that  it  can  be  fixed  to  any  object  that  may 
have  to  be  examined.  Le  Chatelier's  illuminator  is  employed,  a 
small  lamp  being  permanently  attached  to  the  microscope. 

Objectives  used  for  Metallography. — The  objectives  in  use  are 
of  three  types  :  aplanatic,  achromatic,  apochromatic,  which  have 
a  lower  or  higher  degree  of  correction  for  chromatic  and  spherical 
aberration.  The  following  table  of  magnifications  gives  the  approxi- 
mate magnification  obtained  on  the  photographic  plate  when  using 
various  objectives  with  Le  Chatelier's  outfit. 

Magnifications  obtained  with  Le  Chatelier's  Microscope. 


Zeiss  objective. 

Camera  length. 

•v 

0  cm. 

10  cms. 

20  cms. 

30  cms. 

40  cms. 

50  cms. 

60  cms. 

70  cms. 

aa 

31 

36-4 

38-3 

42-5 

46 

50 

55 

58 

AA 

44 

51 

58 

63 

68 

75 

80 

85 

C 

210 

260 

300 

340 

375 

420 

460 

500 

E 

580 

680 

780 

900 

1 100 

1212 

1230 

1350 

r^^"  oil  immersion 

870 

1020 

II  70 

1350 

1650 

1818 

1845 

2025 

N.B. — This  table  shows  the  magnifications  obtained  with  the  objectives  aa  and  AA 
without  the  projection  eyepiece. 
The  last  three  objectives  given  in  the  table  are  used  with  the  projection  eyepiece. 


CHAPTER   II 

THE   THEORY   OF   METALLOGRAPHY— THE    CONSTITUTION 

OF   ALLOYS 

I.  INTRODUCTION 

A  METAL  or  aUoy,  polished  and  prepared  in  the  manner  described  in 
the  previous  chapter  and  examined  under  the  microscope  appears, 
in  most  cases,  heterogeneous  ;  inasmuch  as  it  consists  of  two  or 
more  constituents  which  have  been  differentially  attacked  by  the 
etching  reagents  and  are  rendered  distinctive  by  variations  in 
colour,  shape,  and  brightness. 

The  reasons  for  these  differences  in  appearance  must  be  examined. 
The  variations  may  be  due  to  the  different  chemical  compositions  of 
the  various  constituents  or,  assuming  the  chemical  composition  to 
be  the  same,  to  variations  in  the  physical  properties.  The  micro- 
scope, alone,  is  unable  to  supply  a  solution  to  this  problem  as  it  is 
impossible  to  isolate  the  various  constituents  seen  under  the  micro- 
scope in  order  to  carry  out  the  necessary  chemical  and  physical  tests. 

It  is,  however,  essential  to  know  whether  a  homogeneous  chemical 
substance  is  being  examined  or  whether  the  material  contains  several 
elements  and  consists  of  various  chemical  combinations.  Consider- 
ation of  the  law  governing  the  existence  of  such  chemical  mixtures — 
Gibbs'  Phase  Rule — will  enable  this  information  to  be  obtained. 
Once  the  chemical  constitution  of  an  alloy  corresponding  to  a  state 
of  equilibrium  is  known,  such  alloys,  in  a  state  of  equilibrium,  may 
be  microscopically  examined  and  their  structures  defined.  The 
typical  structures  of  such  alloys  in  a  state  of  equilibrium  having  been 
established,  the  variations  in  the  fineness  of  the  structure  of  similar 
alloys  may  be  examined,  and  in  a  like  manner,  alloys  of  the  same 
chemical  composition  but  not  in  equilibrium  may  be  identified. 

2.  CHEMICAL    HETEROGENEITY 

Gibbs'  Phase  Rule— Equilibrium  Diagrams— Equilibrium  of  a 
Heterogeneous  System — Degrees  of  Freedom 

The  chemical  constitution  of  a  mixture  of  several  elements  or 
chemical  compounds  depends  on  several  known  factors.  These  are 
the  independent  variables  of  the  problem,  and  the  actual  chemical 
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composition  may  be  defined  for  any  known  and  definite  value  of 
these  variables. 

A  chemical  system  may  or  may  not  be  subject  to  internal  chemical 
reactions  and  modifications.  It  is  said  to  be  in  a  state  of  equilibrium 
or  chemical  inactivity  when  these  reactions  are  completed  ;  but  if 
the  conditions  governing  the  system  are  now  altered  {i.e.  the  in- 
dependent variables  are  altered  in  value)  these  internal  reactions 
recommence  and  continue  until  a  new  state  of  equilibrium  is  arrived 
at  corresponding  to  the  altered  values  of  the  independent  variables. 

An  example  will  enable  this  to  be  more  easily  understood.  H 
there  is  introduced  into  a  known  weight  of  water  a  sufficient  quantity 
of  some  soluble  salt,  this  salt  is  dissolved  by  the  water  with  a  conse- 
quent alteration  in  the  system,  solution  continuing  until  a  given 
quantity  of  the  salt  is  dissolved  in  the  water  and  the  solution  has 
become  saturated.  The  system  is  then  in  chemical  equilibrium  ; 
but  if  the  temperature  is  changed  the  equilibrium  will  be  destroyed 
and  there  will  be  a  further  quantity  of  salt  dissolved  or  precipitated 
according  to  whether  the  solution  is  heated  or  cooled.  Temperature 
is  therefore  one  of  the  limiting  factors  in  this  case  and  may  be 
termed  an  independent  variable,  since  it  may  be  fixed  at  any  definite 
value  and  a  corresponding  state  of  equilibrium  found. 

Similarly,  if  calcium  carbonate  is  heated  in  a  closed  vessel 
COo  is  liberated,  and  there  is  a  system  consisting  of  CaCOs,  CaO, 
and  COo.  The  decomposition  of  CaCOs  ceases  as  soon  as  the 
pressure  of  CO2  reaches  a  certain  definite  value,  but  if  the  tempera- 
ture is  changed  there  is  a  further  reaction  within  the  system 
CaCOs— CaO— CO2  until  a  new  state  of  equilibrium  is  reached 
corresponding  to  some  different  pressure  of  CO 2  ;  that  is,  temperature 
is  one  of  the  factors  affecting  equilibrium.  Inversely,  if  the 
temperature  is  kept  constant  and  the  pressure  of  a  system,  already 
in  equilibrium  is  varied,  there  is  a  reaction,  but  this  reaction 
continues  only  until  the  original  pressure  has  been  restored,  when 
the  system  is  again  in  equilibrium  and  the  reaction  ceases.  The 
conditions  governing  equilibrium  therefore  introduce  an  inter- 
dependence between  the  temperature  and  the  pressure  of  such 
nature  that  both  these  factors  exert  an  influence  on  the  internal 
reactions  of  the  system,  but  a  definite  temperature  is  sufficient  to 
define  the  conditions  of  equilibrium  ;  inversely,  if  the  pressure  is 
kept  constant,  there  is  only  one  temperature  at  which  the  system 
is  in  equilibrium,  and  thus  the  pressure  also  defines  the  conditions  of 
equilibrium.  Thus,  although  there  are  two  factors  able  to  affect 
the  equilibrium  of  a  system,  the  alteration  of  either  of  them  is 
sufftcient  to  change  the  conditions  of  equilibrium,  and  there  is  only 
one  independent  variable,  either  the  temperature  or  the  pressure^ 
the  choice  of  which  is  arbitrary.     In  the  examples  to  be  given  in 
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this  book  the  temperature  will  be  considered  as  the  independent 
variable  in  every  case. 

It  is  therefore  essential  to  have  a  knowledge  of  all  the  factors 
that  are  capable  of  affecting  the  system  ;  that  is,  the  number  of 
factors  that  are  capable  of  varying  independently  of  each  other. 
These  variable  factors  are  known  as  the  Degrees  of  Freedom  of  the 
system. 

Phases. — The  exact  number  of  Degrees  of  Freedom  that  a 
system  has  under  any  definite  conditions  is  stated  by  Gibbs'  Phase 
Rule.  The  Phase  Rule  will  only  be  considered  in  the  present  work 
as  regards  its  application  to  the  study  of  the  constitution  of  metallic 
alloys ;  purely  theoretical  considerations  will  be  omitted  where 
possible,  in  order  to  avoid  confusion.  Before  proceeding,  however, 
the  term  Phase  must  be  explained. 

A  system  is  said  to  be  heterogeneous  when  it  is  composed  of  many 
homogeneous  particles  distinct  from  each  other,  which  are  therefore 
non-miscible,  as  miscibility  would  automatically  tend  to  bring  about 
homogeneity.  Water  and  oil  are  not  miscible  and  form  a  hetero- 
geneous system,  no  matter  whether  the  oil  forms  a  separate  layer  on 
top  of  the  water  or  whether  the  two  are  finely  intermixed  in  the  form 
of  an  emulsion ;  but  in  either  case  the  two  substances  constituting 
the  system  may  be  described  as  two  homogeneous  chemical  com- 
pounds :  oil  and  water,  which  are  not  miscible,  and  the  system  is 
said  to  consist  of  two  phases.  In  a  similar  manner  a  solid  salt  with 
its  saturated  solution  consists  of  two  phases — the  solid  salt  and  the 
saturated  solution,  and  this  solid  salt  may  consist  of  a  single  crystal 
or  a  large  number  of  entirely  separate  small  crystals.  Again,  if  the 
various  elements  or  compounds  of  which  the  system  is  composed 
are  able  to  form  three,  four,  etc.,  homogeneous  substances  which 
are  non-miscible  with  each  other,  then  the  system  is  said  to  consist 
of  three,  four,  etc.,  phases.  Thus,  a  phase  is  a  homogeneous  substance 
having  a  definite  chemical  composition  and,  in  any  heterogeneous 
system,  two  phases  are  distinct  when,  under  the  conditions  governing 
the  system,  they  are  non-miscible,  insoluble  in  each  other,  and, 
consequently,  co-exist  separately  without  chemical  reaction  until 
equilibrium  is  attained.  They  may  in  special  circumstances  have 
the  same  chemical  composition. 

The  phases  can  be  solid,  liquid,  or  gaseous. 

In  the  examples  to  be  given  the  number  of  phases  in  any  given 
system  will  be  denoted  by  the  letter  P. 

Application  to  Alloys — The  Law  of  Chemical  Equilibrium. — Let  n 
represent  the  number  of  metals  of  which  the  alloy  is  composed,  i 

^  Certain  special  cases  (pseudo-binary  alloj's)  in  which  the  value  of  n,  contained 
in  the  expression,  is  greater  than  the  number  of  constituent  metals  have  been 
purposely  omitted. 
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P  the  number  of  phases  in  the  system,  and  assume  the  pressure  to 
be  constant,  this  being  generally  the  case  in  the  study  of  alloys 
(this  condition  will  be  assumed  in  all  further  applications  of  the  law), 
then  the  Degrees  of  Freedom  (F),  according  to  Gibbs'  Phase  Rule, 
are  given  by  the  equation 

F=«+i-P 

The  law  of  equilibrium  depending  on  the  value  of  F,  will  therefore 
be  a  function  of  n  and  P  ;  thus,  in  considering  the  phase  rule  as  it 
applies  to  metallic  alloys  these  will  be  the  only  two  factors  dis- 
tinguishing the  various  cases  to  be  considered. 

According  to  the  definition  of  Degrees  of  Freedom  already  given 
it  follows  that  : — 

1.  If  F<  o,  equilibrium  is  impossible  at  any  temperature  ; 

2.  If  F=o,  equilibrium  can  only  exist  at  one  definite  tempera- 
ture ; 

3.  If  F=i,  any  arbitrary  temperature  may  be  chosen  and  a 
corresponding  state  of  equilibrium  found  for  each  case  ; 

4.  If  F— 2,  the  temperature  alone  does  not  define  the  conditions 
for  equilibrium  to  exist,  another  independent  variable  is  required. 

I.  The  Phase  Rule  applied  to  Pure  Metals  {n=l) 

(a)  Only  two  phases  can  exist  in  equilibrium  (F  would  otherwise 
be  negative). 

(b)  Two  phases  can  only  exist  at  one  definite  temperature  (F=o). 
This  is  the  case  of  the  solidification  of  a  pure  metal  (the  liquid 

and  solid  phases  in  equilibrium)  which  takes  place  at  some  definite 
temperature  for  every  metal,  this  temperature  being  known  as  the 
melting  point  or  freezing  point  of  the  metal.  It  is  also  the  case 
when  an  allotropic  modification  occurs  in  a  pure  metal,  such  as  an 
a  modification  being  converted  to  a  ^  modification  insoluble  in  the 
former ;  then  there  is  again  a  definite  transformation  temperature  at 
which  the  two  modifications  a  and  ^  can  co-exist  in  equilibrium. 

2.  The  Phase  Rule  applied  to  Binary  Alloys  (;z  =2) 

{a)  Only  three  phases  can  exist  simultaneously  in  equilibrium 
(F  must  be  ^o). 

[b)  Three  phases  can  only  exist  at  one  definite  temperature 
(F=o).  Thus  a  system  composed  of  the  following  phases  :  solid  tin, 
solid  bismuth,  liquid  bismuth-tin,  can  only  be  in  equilibrium  at  one 
definite  temperature  (143°  C),  and  the  composition  of  the  liquid 
alloy  may  then  be  definitely  determined,  55  per  cent.  Bi  and  45 
per  cent.  Sn. 

(c)  In  the  case  of  two  phases  in  equilibrium  (F=i),  the  tempera- 
ture is  an  independent  variable.     It  may  be  chosen  arbitraril}^  and 
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corresponding  equilibrium  conditions  found  for  any  definite 
temperature  ;  but  once  the  temperature  is  fixed  the  equihbrium 
conditions  are  completely  defined  and  the  compositions  of  the 
phases  determined.  Thus,  during  the  solidification  of  a  binary 
alloy,  if  the  temperature  is  maintained  at  some  definite  value,  the 
liquid  and  solid  phases  of  the  system  slowly  approach  certain  definite 
compositions  corresponding  to  equilibrium  conditions  at  that 
temperature.  Further,  when  complete  equilibrium  is  attained  the 
relative  proportions  of  the  two  phases  are  likewise  defined.  This 
may  be  illustrated  in  the  case  of  an  alloy  of  two  metals  A  and  B, 
containing  X  per  cent,  by  weight  of  B  :  equilibrium  being  complete, 
the  solid  phase  will  have  a  definite  composition  and  may  contain, 
for  example,  X^  per  cent,  by  weight  of  B  ;  in  a  like  manner  the  liquid 
phase  will  contain  X^  per  cent,  by  weight  of  B. 

Suppose  P  to  be  the  total  weight  of  the  alloy,  P^  and  P^  to  be 
the  weights  of  the  liquid  and  solid  phases,  then 


P=P.  +  P/ 

and 

PX  =  P,X,  +  P,X, 

therefore 

Ps     X,  -  X 

P/    x-x. 

Ps  and  P  ran  be  found  from  this  expression. 

In  a  similar  manner  the  phase  rule  may  be  applied  to  alloys 
containing  more  than  two  metals,  the  number  of  degrees  of  freedom 
increasing,  assuming  the  number  of  phases  to  remain  constant,  with 
the  number  of  metals  in  the  system.  The  great  assistance  that  the 
application  of  the  phase  rule  is  able  to  give  in  the  classification  and 
solution  of  the  chemical  constitution  of  metallic  alloys  has  now  been 
shown,  and  its  further  application  may  be  considered  in  the  case  of 
binary  alloys  or  alloys  of  two  metals.  It  must  not  be  forgotten  that 
the  phase  rule  as  previously  described  is  applicable  only  to  systems 
in  a  state  of  equilibrium,  and  that  the  only  physical  change  has  been 
a  change  of  temperature.  In  considering  the  changes  taking  place 
in  any  system  with  alteration  of  temperature  it  is  essential,  if  the 
results  are  to  be  of  value,  that  the  changes  in  temperature  shall  be 
so  slow  that  the  various  conditions  passed  through  may  be  regarded  as 
a  continuous  series  of  equilibrium  conditions. 

Change  oJ  Equilibrium. — If,  when  a  system  is  in  equilibrium,  one 
of  the  factors  governing  this  state  of  equilibrium  is  altered,  the 
equilibrium  is  destroyed  and  a  new  state  of  equilibrium  tends  to 
establish  itself  corresponding  to  this  new  temperat\ire.  This  fact 
has  been  enunciated  by  Van't  Hoff  as  follows  :  "  In  a  chemical 
system  in  equilibrium  any  rise  of  temperature  produces  a  trans- 
formation with  absorption  of  heat,  that  is,  it  would  bring  about  a 
lowering  of  the  temperature  if  the  reaction  were  self-produced  ;   the 
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inverse  being  the  case  when  the  temperature  is  lowered."  This  law 
may  be  enunciated  as  follows  :  On  heating  all  reversible  reactions 
are  accompanied  by  an  absorption  of  heat,  i.e.  the  reaction  is  endo- 
thermic,  and  on  cooling  they  are  accompanied  by  a  liberation  of 
heat — exothermic  reactions. 

Example  :  Coolmg  Curve  of  a  Pure  Metal. — ^The  chief  application 
of  the  heating  and  cooling  curves  of  alloys  is  in  the  determination 
of  the  melting  points  and  transformation  temperature  when  present. 
Thus  if  an  alloy  is  allowed  to  cool  slowly  and  with  a  uniform  loss  of 
heat  any  sudden  liberation  or  absorption  of  heat  will  be  indicated 
by  a  change  in  the  rate  of  cooHng  or  heating.  It  will  therefore  only 
be  necessary  to  measure  the  temperature  as  a  function  of  the  time 
and  to  represent  the  results  graphically  by  a  cooling  curve  with  the 
time  as  abscissae  and 
the  temperature  as 
ordinates.  Any  ir- 
regularity in  the 
curve  denotes  a  sud- 
den liberation  of  heat, 
and  the  temperature 
at  which  this  sudden 
evolution  takes  place 
can  be  noted. 

Take  as  an  ex- 
ample a  pure  metal 
melted  in  a  crucible 
and  allowed  to  cool 
slowly  in  some  suit- 
able container  main- 
tained at  a  constant 
temperature,  with  a 
pyrometer  inserted  in 

the  metal  allowing  the  temperature  to  be  observed  continuously.  In 
the  absence  of  any  internal  evolution  of  heat  the  curve  will  have  a 
perfectly  regular  form,  as  shown  by  ahe  (Fig.  27),  for  at  any  given 
instant,  the  rate  of  cooling  is  solely  dependent  on  the  temperature 
of  the  mass  of  metal  and  the  external  conditions  (temperature  of 
the  container,  cooling  surface,  thickness  of  crucible  walls,  etc.)  ; 
but  directly  the  metal  commences  to  solidify,  there  is  an  internal 
liberation  of  heat.  This  liberation  of  heat  accompanies  the  solidi- 
fication of  a  portion  of  metal,  so  that  the  conditions  of  equilibrium 
may  tend  to  be  restored,  that  is,  to  re-establish  the  constant  tempera- 
ture for  equilibrium  conditions  to  exist  between  liquid  and  solid 
metal  (melting  point).  This  internal  evolution  of  heat  (known  as 
latent  heat  of  fusion)  compensates  for  the  external  radiation  losses 


z 

Fig.  27. 


time 
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(assuming  that  the  rate  of  cooHng  is  not  too  great)  in  such  manner 
that,  as  long  as  any  Uquid  metal  remains,  the  temperature  remains 
constant  and  the  cooling  curve  shows  a  horizontal  line  or  arrest  he. 
Finally,  on  solidification  being  complete,  the  curve  again  commences 
to  fall  regularly  along  the  line  cd. 

It  has  been  shown  that,  from  the  point  of  view  of  the  phase 
rule,  an  allotropic  or  polymorphic  change  in  a  pure  metal  gives 
identical  results  to  the  passage  from  the  Uquid  to  the  solid  state  ; 
thus,  the  transformation  temperatures  may  be  deduced  from  the 
coohng  curves  in  a  similar  manner  to  the  melting  points.  The  cooling 
curve  therefore  offers  a  simple  means  of  determining  the  melting 
points  and  transformation  temperatures  by  observing  the  tempera- 
tures at  which  arrests  such  as  he  occur.  Further,  the  length  of  the 
arrest,  other  conditions  being  equal,  will  permit  of  an  estimation  of 
the  total  heat  liberated. 

The  explanation  given  above  as  a  reason  for  the  temperature 
remaining  constant  during  solidification  requires  that  the  heat  lost 
by  the  body  at  any  instant  shall  be  exactly  compensated  by  the 
heat  generated,  thus  as  the  operation  of  cooling  takes  place  more 
rapidly  the  conversion  of  liquid  to  solid  metal  must  also  be  more 
rapid  to  compensate  for  the  additional  loss  of  heat  at  each  instant  ; 
but  the  speed  of  solidification  cannot  increase  indefinitely,  so 
finally,  with  very  rapid  solidification,  the  conditions  are  such  that 
the  internal  liberation  of  heat  no  longer  compensates  for  the  external 
losses  and  instead  of  an  horizontal  arrest  he  (Fig.  27) ,  there  is  only  an 
alteration  in  the  direction  of  the  curve  such  as  gh.  The  rate  of 
coohng  must  therefore  be  sufficiently  slow  to  enable  a  well-defined 
melting  point  to  be  observed. 

This  is  more  evident  in  the  case  of  allotropic  modifications. 
Chemical  reactions  taking  place  much  more  slowly  in  completely 
solid  systems,  it  is  rarely  possible  to  obtain  an  horizontal  arrest  as 
with  liquid  solid  systems,  and  in  such  instances  the  temperature  g 
which  marks  the  commencement  of  the  change  of  direction  gh  in 
the  curve  is  the  temperature  of  transformation.  It  is  in  this  manner 
that  the  transformation  temperatures  of  iron  must  be  determined. 
The  experimental  methods  for  the  determination  of  coohng  curves 
do  not  come  within  the  scope  of  the  present  work  and  may  be 
found  fully  dealt  with  in  any  treatise  on  Pyrometry  or  Thermal 
Analysis. 

Only  the  main  principles  will  be  explained  in  the  present  instance 
in  order  that  the  methods  used  in  the  construction  of  equilibrium 
diagrams  may  be  understood.  It  is  now  possible,  with  the  informa- 
tion to  be  obtained  from  the  phase  rule,  to  examine  successively  the 
melting  points  and  internal  transformations  taking  place  in  alloys, 
and  thereby  to  obtain  the  necessary  information  as  to  their  chemical 
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constitution.  The  melting  point  is  of  primary  importance,  as 
alloys  are  nearly  always  prepared  by  melting  their  various  con- 
stituents ;  therefore  their  condition  is  largely  dependent,  either 
directly  or  indirectly,  on  the  conditions  at  the  time  of  solidification. 


SOLIDIFICATION  OF  BINARY  ALLOYS 

The  Liquid  State. — Given  a  mixture  of  several  metals,  a 
temperature  can  always  be  found  at  which  the  whole  mass  becomes 
molten.  It  must,  however,  be  recognised  that  during  any  process 
of  melting  at  atmospheric  pressure  there  is  the  possibility  of  losses 
taking  place  owing  to  the  partial  volatilisation  of  some  of  the 
constituents.  This  loss  increases  with  a  rise  of  vapour  tension  of 
the  alloy  and,  in  practice,  the  composition  of  the  alloy  obtained 
generally  differs  from  the  theoretical  figure  given  by  the  weights  of 
the  metals  melted  ;  the  composition  of  any  alloy  must  therefore 
always  be  checked  by  chemical  analysis. 

Consider  an  alloy  of  two  metals  A  and  B  :  its  percentage  chemical 
composition  will  be  defined  by  the  percentage  amount  of  one  of  the 
two  metals,  B  for  example,  contained  in  the  alloy  ;  let  x  equal  this 
value,  termed  the  concentration  or  chemical  composition  of  the 
alloy. 

Note. — All  diagrams  m  this  work  will  have  the  concentrations 
plotted  as  abscissae  and  temperatures  as  ordinates. 

When  two  molten  metals  are  mixed  together  there  are  three 
possible  conditions. 

1.  The  two  metals  are  completely  miscible,  completely  soluble 
in  each  other,  and  form  a  single  homogeneous  liquid,  a  single  phase 
similar  to  the  case  of  water  and  alcohol. 

This  is  the  case  of  nearly  all  industrial  alloys  with  but  few 
exceptions  (bronzes  with  high  lead  content). 

2.  The  two  metals  are  completely  insoluble  in  each  other,  as  in 
the  case  of  aluminium  and  lead.  In  such  instances  after  a  certain 
length  of  time  they  will  separate  in  layers  as  in  the  case  of  water 
and  oil,  the  metals  being  superimposed  according  to  their  relative 
densities. 

3.  The  intermediate  case  occurs  when  the  two  metals  are  partially 
miscible  in  the  liquid  state  ;  two  phases  then  exist  in  the  liquid 
state,  each  of  which  contains  the  two  metals  A  and  B.  It  follows 
from  the  phase  rule  that  at  any  given  temperature  the  compositions 
of  both  phases  are  fixed  when  the  system  is  in  equilibrium,  and  the 
compositions  of  the  two  phases  will  then  be  defined  by  the  concentra- 
tions .Ti  and  Xc^,  that  is  the  percentage  by  weight  of  B  which  they 
contain. 

This  may  be  graphically  represented  in  a  similar  manner  to  the 
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previous  case  by  plotting  the  temperatures  as  ordinates  and  the 
corresponding  concentrations  as  abscissae  (Fig.  28). 

Thus  at  the  temperature  t,  shown  by  the  horizontal  line  BC, 
the  two  points  B  and  C,  abscissae  values  Xi  and  X2,  represent  the  two 
phases  in  equilibrium  that  can  exist  at  that  temperature. 

It  follows  from  the  above  that  if  two  phases  are  to  exist,  the 
average  composition  of  the  alloy  must  lie  between  the  values  Xi 
and  X2.  Similarly,  the  composition  may  be  shown,  graphically,  to 
lie  between  B  and  C  ;  if  it  lies  outside  the  segment  BC  there  will 
be  but  one  homogeneous  liquid  phase  as  in  the  first  case  considered 

when  the  two  metals  were 
completely  miscible  in  each 
other. 

With  alterations  of  tem- 
perature, the  two  points  B 
and  C  are  displaced  along 
the  two  branches  of  the 
curve  which  unite  at  the 
point  E  ;  similarly  to  the 
previous  case,  the  area  en- 
closed by  ABECD  denotes 
the  existence  of  two  liquid 
phases  and  the  area  out- 
side a  simple  homogeneous 
phase.  If  the  temperature 
t  falls  to  a  temperature  ti, 
the  compositions  of  the  two  liquid  phases  change,  an  exchange 
of  the  two  metals  A  and  B  taking  place  between  the  phases  constitut- 
ing diffusion  in  the  liquid  state. 

The  alloys  of  zinc  and  lead  offer  a  typical  example  of  limited 
solubility,  the  property  of  only  partial  miscibility  being  utilised  in 
the  purification  of  these  two  metals. 

This  case  being  but  rarely  met  with  in  industrial  alloys  it  will  be 
dealt  with  in  as  brief  a  manner  as  possible,  and  full  consideration 
will  be  given  to  the  first  case  of  metals  completely  miscible  with 
each  other. 


C  oncen  /i-aho/2 
Fig.  28. 


Solidification  o£  an  Alloy  composed  of  Two  Metals  which  are 
completely  miscible  in  the  Liquid  State 

The  most  general  case  is  where  the  solid  phase  separating  from 
the  liquid  contains  both  metals  A  and  B,  that  is  when  A  and  B  are 
miscible  in  the  solid  state. 

(A)  Case  oJ  Metals  completely  miscible  in  the  Solid  State.— 
Assume  an  alloy  of  the  two  metals  A  and  B,  containing  x  per  cent. 
B,  heated  to  a  sufficient  temperature  to  give  a  homogeneous  liquid 
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and  allowed  to  cool  until  complete  solidification  is  effected.  During 
the  experiment  the  alloy  is  partly  liquid  and  partly  solid  ;  it  is, 
therefore,  heterogeneous  and  at  any  given  temperature  the  two 
phases,  liquid  and  solid,  will  be  able  to  exist  in  equilibrium  as  soon 
as  the  definite  concentrations,  denoted  by  x^  and  Xi,  for  these 
phases  have  been  reached. 

This  may  be  graphically  represented  by  plotting  the  temperatures 
as  ordinates  with  the  concentrations  as  abscissae  (Fig.  29).  An 
alloy  of  mean  composition  corresponding  to  the  abscissa  0^—x, 
will  consist  at  a  temperature  t,  under  the  conditions  of  equilibrium, 
of  a  liquid  phase  of  composition  OVi—Xi,  and  a  solid  phase  of 
composition  OVg^Xg.  The  corresponding  points  on  the  curve  will 
be  M;  and  M^.  If 
the  temperature  is 
altered,  the  position 
of  these  points 
changes  and  there 
will  be  two  curves 
(S)  and  (L)  giving  the 
compositions  of  the 
two  phases  in  equili- 
brium for  any  tem- 
perature, n  the 
temperature  changes 
from  t  to  t' ,  for 
equilibrium  to  be  re- 
established, there  will 
be  diffusion  not  only 
between  the  liquid 
and  solid  phases,  but 
also  within  the  re- 
spective phases. 

Having  regard  to  the  fact  that  diffusion  takes  place  much  more 
readily  in  the  liquid  than  in  the  solid  state,  it  is  evident  that  complete 
homogeneity  is  rarely  attained  in  the  solid  phase  ;  but  as  systems 
in  a  state  of  complete  equilibrium  only  are  considered  in  the  present 
instance,  this  condition  will  be  assumed  and  the  effects  of  the  slow 
rate  of  diffusion  in  the  solid  state  will  be  dealt  with  at  a  later 
period.  1 

^  Roberts  Austen  studied  the  rate  of  diffusion  in  the  soUd  state  in  the  case  of 
gold  and  lead  at  different  temperatures  ;  even  at  atmospheric  temperatures  gold 
diffused  in  lead  if  the  two  metals  were  tightly  clamped  together  ;  at  iS°  C.  the  rate 
of  diffusion  was  300,000  times  slower  than  in  the  case  of  molten  lead.  Brani  and 
Meneghini  carried  out  diffusion  experiments  in  the  solid  state  in  the  case  of  copper 
and  nickel.  Spring,  Cowper-Cowles,  Masing,  Desch,  have  also  investigated  similar 
effects.  One  of  the  authors  with  Victor  Bernard  published  a  paper  on  this  subject 
in  the  Proceedings  of  the  Societe  d'Encouragement  pour  I'lndustrie  nationale  {Bulletin 
de  mai,  1914). 


1 


...\ma .T\> 

1^                   < 

M\AQ 

f 

;  \^i    ^ 

M'     \    ^\M'i 

<r 

;      /xiV\ 

i .\.^.^ 

?y_._.J 

. 1*_ . 

. i  ..?•/. 

, J 

Pj 


C  o/iceiiir.j/ion 


JOO 


BjC 


Fig.  29  (Tj'pe  I) 


32  METALLOGRAPHY 

As  previously  stated  (p.  26)  if  x  is  the  mean  percentage  com- 
position of  the  alloy,  the  relation  between  the  liquid  and  solid  phases 
is  given  by  the  equation 

p,  _x  —  Xi  _ MM^ 

This  relation  varies  for  every  temperature,  and  it  should  be  observed 
that  the  liquid  phase  ceases  to  exist  at  the  temperature  tg  where 
the  curve  (S)  cuts  the  vertical  line  MP.  This  alloy  will  be  entirely 
solid  at  that  temperature,  which  is  the  temperature  of  complete 
solidification.  Similarly  the  solid  phase  will  be  entirely  absent  at 
a  temperature  ti,  which  is  the  point  at  which  the  continuation  of 
the  line  PM  cuts  the  curve  (L),  that  is  the  temperature  of  complete 
fusion  or  the  commencement  of  solidification. 

The  temperatures  at  which  solidification  commences  are  there- 
fore given  by  the  curve  (L)  ;  this  is  called  the  "  liquidus  "  or  freezing- 
point  curve  ;  similarly,  the  curve  (S)  is  called  the  "  solidus  "  or 
melting-point  curve,  and  gives  the  temperatures  at  which  solidi- 
fication is  complete.  This  case  differs  from  that  of  a  pure  metal,  as 
solidification  does  not  take  place  at  any  definite  temperature  but 
over  a  given  range  of  temperature. 

From  the  above  laws  it  is  possible  to  deduce  the  behaviour  of 

any  alloy  of  definite  percentage  composition  x  during  the  process  of 

solidification  ;  completely  liquid  above  the  liquidus  (L),  solidification 

commences  as  the  temperature  falls  below  the  temperature  ti,  the 

rate  of  solidification  depending  on  the  speed  at  which  the  temperature 

falls  ;    at  the  same  time,  the  compositions  of  the  liquid  and  solid 

phases   are   continually   changing   in   accordance   with   the   curves 

(L)  and  (S)  and,  at  any  given  instant,  assuming  the  system  to  he  in 

equilibrium,  the  composition  and  relative  proportions  of  the  phases 

present  may  be  calculated.     When  the  temperature  tg  is  reached, 

the  liquid  phase  will  have  entirely  disappeared  and  solidification 

will  be  complete.     With  further  cooling,   the  composition  of  the 

solid  phase  is  continually  changing,  due  to  internal  diffusion  between 

the  various  constituents  of  the  solid  phase  in   their  attempt   to 

maintain  equilibrium  conditions,  and  it  is  because  of  this  property 

that  the  term  solid  solution  has  been  applied  to  solid  phases  of  this 

type  ;  further,  in  the  case  of  the  liquid  phase,  owing  to  the  rapid 

rate  of  diffusion,  equilibrium  is  generally  attained,  but  this  is  rarely 

so  with  the  solid  phase,  having  a  much  slower  rate  of  diffusion  and 

subject,  as  a  rule,  to  comparatively  rapid  cooling.     Therefore,  at 

any  given  moment  during  solidification  (assume  a  temperature  t)  ^ 

there  is  a  liquid  phase  of  composition  Xi,  as  shown  by  the  curve  (L), 

together  with  dendrites  of  the  solid  phase,   the  outside  layers  of 

which  are  of  composition  Xg  but  have  the  inner  layers  progressively 
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richer  in  the  metal  A.  On  the  completion  of  solidification  the 
solid  phase  has,  in  this  case,  a  heterogeneous  chemical  composi- 
tion consisting  of  layers  of  varying  chemical  composition  radiat- 
ing from  the  centres  of  solidification  ;  the  structure  is  therefore 
zonal  or  dendritic.  This  heterogeneity  becomes  greater  as  the 
rate  of  solidification,  the  speed  of  cooling,  and  the  difficulty  of 
diffusion  are  increased.  But  this  condition  is  unstable  (not  in 
equilibrium),  and  the  mass  tends  to  become  more  homogeneous,, 
as  shown  later  in  dealing  with  alloys  not  in  a  state  of  equilibrium 
(see  p.  82). 

It  will  be  seen  that  the  lines  (L)  and  (S)  divide  the  equilibrium 
diagram  into  three  sections,  the  first  above  (L)  in  which  the  alloys 
are  completely  molten,  the  second  between  (L)  and  (S)  where 
they  are  partially  liquid 
and  partially  solid,  and 
the  third  below  (S) 
where  they  are  com- 
pletely solid.  It  will 
be  observed  that,  if 
the  mass  is  not  homo- 
geneous, the  liquid 
phase  will  be  richer 
in  the  metal  B  than 
is  shown  on  the  dia- 
gram, in  which  case 
the  last  drop  of  liquid 
to  solidify  will  have  a 
composition  to  the 
right  of  the  point  Mo, 
and  consequently  will 
solidify  at  a  lower  tem- 
perature because  of  its  different  composition.  This  subject  will  be 
dealt  with  later  (see  p.  82). 

Cooling  Curve  of  a  Solid  Solution  (Fig.  30). — It  has  been  shown 
that,  at  the  melting-point  of  a  pure  metal,  the  coohng  curve  has 
an  horizontal  arrest  (assuming  the  rate  of  cooling  to  be  sufficiently 
slow).  In  the  case  of  solid  solutions  there  is  always,  in  accordance 
with  the  general  law  relating  to  reversible  reactions,  a  continuous 
evolution  of  heat  between  the  temperatures  Ti  and  T2,  repre- 
senting the  commencement  and  completion  of  solidification,  and 
consequently  there  is  a  change  in  the  direction  of  the  curve 
over  the  section  be,  after  which  the  curve  again  resumes  its 
normal  direction.  The  commencement  and  completion  of  solidi- 
fication are  indicated,  theoretically  at  least,  by  the  points  b 
and  c. 


time 


Fig.  30. 
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In  practice  these  points  are  not  clearly  marked,  i  particularly  in 
the  case  of  the  completion  of  sohdification,  and  especially  if  the  rate 
of  cooling  is  not  extremely  slow. 

Shape  of  the  Liquidus  and  Solidus  in  the  Case  of  a  Solid  Solution. 


Concentration 

Fig.  31  (Type  II.). 


Concentration 
Fig.  32  (Type  III.). 


— Roozeboom  has  shown  three  representative  types  of  equilibrium 
diagrams  (Figs.  29,  31,  and  32). 

1.  The  soHdus  and  liquidus  meet  at  their  extremities  at  points 
corresponding  to  the  melting  points  of  the  pure  metals. 

2.  Types  IL  and  IIL  have  a  maximum  or  minimum  point  on 

the  Uquidus,  the  maximum 
or  minimum  value  of  the 
sohdus  being  the  same  and 
at  the  same  concentration,- 
the  corresponding  alloy  be- 
haves, during  fusion  or  solidi- 
fication, in  a  manner  exactly 
similar  to  a  pure  metal,  solidi- 
fication taking  place  at  a  con- 
stant temperature;  further, 
the  curves  have  a  common 
horizontal  tangent.^ 

It  is  possible  for  the  sohdus 
and  liquidus  to  be  so  nearly  the 
same  that  the  difference  between  them  is  not  measurable.  Examples  : 
aUoys  of  iron  and  nickel,  and  copper-aluminium  alloys  containing 

1  In  describing  simplified  theoretical  examples,  Rengade  has  shown  be  to  be  the 
arc  of  an  hyperbola,  of  which  the  concave  side  is  towards  the  base  of  the  diagram. 
The  completion  of  solidification  is  therefore  always  less  clearly  marked  than  the 
commencement  of  solidification  and  may  not  be  observable ;  the  angle  of  nitersection 
between  the  two  branches  be  and  cd  can  be  i8o°. 

2  This  will  be  more  easily  understood  if  it  is  remembered  that  the  sohdus  should 
always  be  lower  than  the  liquidus  and  that  every  position  on  the  liquidus  has  a 
corresponding  concentration  on  the  solidus. 

3  Gibbs. 


Fig.  33  (Type  \a.). 
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between  8  and  15  per  cent,  aluminium.  To  the  three  types  already 
given  must  be  added  type  la,  Fig.  33,  described  by  Ruer,i  having  a 
horizontal  tangent  of  inflexion.  The  following  systems  may  be  cited 
as  examples  of  type  L  (Fig.  29)  ;  iron-manganese,  copper-nickel, 
silver-palladium,  gold-palladium,  gold-platinum,  antimony-bismuth , 
copper-palladium,  copper-platinum  :  as  examples  of  type  IH.  ;  gold- 
copper,  gold-silver,  manganese-cobalt,  palladium-nickel,  copper- 
manganese  :  and  in  type  H.  ;  the  alloys  of  manganese  and  nickel 
and  one  of  the  sohd  solutions  of  the  lead-thallium  alloys. 

B.  Case  of  Two  Metals  forming  Two  Solid  Solutions  (Partial  Miscibility 
in  the  Solid  State). — The  metals  instead  of  being  completely  soluble 
in  each  other  in  the  solid  state  or  "  isomorphous,"  as  in  the  previous 
case,  form  two  distinct  solid  solutions  which  are  non-miscible.     The 


n1^ 


Fig.  34. 


first,  which  may  be  called  a,  is  formed  in  the  alloys  having  a  high 
content  of  the  metal  A  ;  the  second  /8,  from  those  rich  in  the  metal 
B  (this  condition  is  found  more  particularly  when  the  two  metals  A 
and  B  are  isodimorphous) .  In  this  case  there  exists  a  limited  range 
of  solubility  in  the  solid  state  (Fig.  34). 

The  first  solid  solution  a  corresponds  with  a  liquidus  (Lj)  and 
a  solidus  (Si)  commencing  from  the  melting  point  of  the  pure  metal 
A,  and  the  second  solid  solution  ^  with  a  liquidus  (Lo)  and  a  solidus 
(S2)  commencing  at  the  melting  point  of  the  metal  B. 

The  two  liquidi  (Lj)  and  (L2)  meet  at  a  point  E  corresponding 
to  a  definite  temperature  T.  It  is  therefore  evident  that  at  this 
temperature  the  liquid  mixture,  the  composition  of  which  is  given 
by  the  abscissae  ^  from  the  point  E  is  in  equilibrium  with  a  solid 
solution  of  composition  Xi  given  by  the  intersection  of  the  horizontal, 
drawn   through   the   point   E  with   the   solidus    (S^),   and  also  in 

1  Zeif.  phys.  Ch.,  LIX,  I.,  1907. 
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equilibrium  with  a  solid  solution  of  composition  x^  given  by  the  point 
€2  where  the  same  horizontal  intersects  the  solidus  (S2).  The  three 
phases  of  concentrations  |,  x^,  and  X2  are  therefore  in  a  state  of 
equilibrium ;  but,  as  previously  mentioned,  in  an  alloy  of  two 
metals,  the  existence  of  three  phases  in  equilibrium  is  only  possible 
at  one  definite  temperature  T.  Therefore,  if  the  temperature  rises 
above  T  or  drops  below  T,  one  of  the  three  phases  will  disappear. 
Two  cases  are  possible,  according  to  the  respective  positions  of  the 
branches  of  the  hquidus,  that  is,  according  to  whether  the  point  E 
lies  between  the  points  c^  and  62  or  is  outside  the  segment  Cit^o. 
This  may  be  alternatively  defined  according  to  whether  the  tempera- 
ture T  of  the  point  of  intersection  E  is  lower  than  the  melting  points 
of  the  metals  A  and  B,  or  lies  between  these  two  temperatures. 
Example  :  let  Xi  be  the  concentration  of  the  solid  solution  less  rich 
in  B,  then  x^  <  X2  ',   three  conditions  are  possible  : 

Xx<^<X2     or     ^i<:t2<^     or     ^<Xx<X2 
and  there  will  be  the  respective  equilibrium  reactions  : 

Liquid   E^solid  ^j+solid  ^2   o^   solid  e2<^solid  ^i  4-hquid  E 

or  solid  ^i^solid  ^2+liquid  E 

since  it  is  naturally  only  the  phase  of  intermediate  concentration 
which  is  able  to  split  up  and  give  rise  to  the  other  two  phases. 

The  two  types  of  diagram  corresponding  to  these  two  cases  are 
shown,  and  the  points  have  received  the  names  Eutectic  point  and 
Transition  point.  It  must  be  observed  that  in  the  case  of  reactions 
taking  place  at  a  constant  temperature  T,  if  heat  is  withdrawn  from 
a  system  in  equilibrium  and  it  is  allowed  to  cool,  owing  to  the 
principle  already  given  (p.  26),  a  reaction  will  take  place  with 
evolution  of  heat  tending  to  re-establish  equilibrium  at  a  tempera- 
ture T.  This  will  continue  to  occur  until  one  of  the  phases  has 
entirely  disappeared  ;  therefore,  as  the  temperature  T  commences 
to  change  internal  reactions  occur  to  maintain  it  constant,  these 
conditions  continuing  so  long  as  three  phases  exist,  the  operation 
being  analogous  to  that  of  the  solidification  of  a  pure  metal  and 
taking  place  under  the  same  conditions. 

I.  Eutectic  Point. — The  two  branches  Li  and  L2  are  above  the 
horizontal  drawn  through  the  point  E  ^  and  the  point  E  lies  betiveen 
ei  and  ^2  (Fig.  34). — In  accordance  with  what  has  been  already 
stated,  at  a  definite  temperature  there  will  exist  three  phases — 
liquid  E,  solid  Ci,  and  solid  C2 — in  equilibrium  and,  depending  on 
whether  there  is  a  gain  or  loss  of  heat,  the  reversible  reaction  will 
take  place  as  follows  : — 

liquid  E  ^  solid  Ci  +  solid  ^2 

^  T  is  lower  than  the  melting  points  of  A  and  B. 
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On  cooling,  the  liquid  E  disappears  at  a  constant  temperature  with 
the  simultaneous  formation  of  e-^  and  Cq,  and  the  solidification  of 
the  alloys  takes  place  in  the  following  manner  : — 

1.  An  alloy,  the  concentration  of  which  lies  outside  the  segment 
eie.2  {>  X2  or  <Xi)  ;  the  vertical  hne  representing  the  alloy  (vertical 
line  I  or  V,  Fig.  34)  cuts  the  inclined  branches  of  the  liquidus 
(Li  or  Lo)  and  the  solidus  (Si  or  So)  and  solidification  takes  place  as 
in  the  previous  case  (A,  p.  30)  with  the  formation  of  a  single  solid 
solution. 

2.  An  alloy,  the  concentration  of  which  lies  between  e^  and  E 
or  between  E  and  e^  (vertical  lines  II  or  IV).  The  alloy  represented 
b\'  the  vertical  line  II  will  be  taken  as  an  example,  and  the  operation 
of  cooling  considered  from  the  liquid  state  onwards.  Solidification 
commences  at  a  temperature  t  where  the  vertical  line  cuts  the  liquidus 
(Li),  continuing  as  in  the  previous  case  until  a  temperature  T  is 
reached,  and  at  this  temperature  the  solid  solution,  already  formed, 
splits  up  into  a  solid  solution  of  composition  Xi  (point  e^)  in  a  liquid 
of  concentration  ^  (point  E) .  The  loss  of  heat  continuing,  decom- 
position of  the  liquid  E  takes  place,  according  to  the  reaction  indicated 
above,  with  a  simultaneous  separation  of  e^  and  e.,  forming  a  mixture 
of  which  the  individual  particles  are  in  a  very  much  finer  state 
of  division  than  those  of  e^  already  existing  at  a  temperature  T. 
This  finely  divided  mixture,  which  frequently  appears  under  the 
microscope  in  the  form  of  alternate  lamellae  of  the  two  phases 
c^  and  <?2  (see  p.  74),  is  known  as  a  eutedic,  the  line  e{Eeo  is 
called  the  eutedic  horizontal,  and  the  temperature  T  the  eutedic 
temperature. 

The  solidification  of  an  alloy  of  composition  between  f  and  x.^, 
represented  by  the  vertical  line  IV,  is  analogous  to  the  above  ;  on 
passing  the  eutectic  line  there  will  exist  crystals  of  the  soHd  solution 
<?2  and  of  the  eutectic  Ci  -j-eo. 

3.  An  alloy  of  concentration  di  (vertical  III).  The  alloy 
remains  liquid  until  the  temperature  T  is  reached,  the  liquid  E  is 
then  completely  transformed  at  this  temperature  into  a  eutectic 
of  d^i+fo-  Solidification  takes  place,  in  this  case,  at  a  constant 
temperature  as  with  a  pure  metal  or  maximum  of  a  liquidus,  but, 
after  solidification,  there  exists  not  a  single  phase  but  an  intimate 
mixture  of  the  two  solid  phases  Ci  and  e-i ;  the  mean  composition  of 
this  mixture  being  given  by  the  abscissae  at  the  point  E. 

The  above  explanation  applies  entirely  to  cooling  curves  of  the 
type  illustrated  by  Fig.  34.  In  the  case  of  all  alloys  forming 
eutectics  there  will  be  an  arrest  at  the  temperature  T  and,  with 
identical  conditions  of  cooling,  the  length  of  this  arrest  will  be  pro- 
portional to  the  quantity  of  eutectic  formed  at  T°. 

The  eutectic  horizontal  eiEe.2  marks  the  completion  of  solidification 
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of  all  alloys,  the  compositions  of  which  lie  between  Xi  and  X2. 
Below  this  line  they  consist  of  : — 

Solid  solution  ^i+eutectic  (^1+^2) 

for  the  alloys  between  Cj  and  E  (intermediate  concentration  between 
Xi  and  i)  and  of : — 

Solid  solution  g2+eutectic  (^1+^2) 

for  the  alloys  between  E  and  eo  (intermediate  concentrations  between 
i  and  Xo) . 

Also,  these  alloys  consist  of  only  two  phases  ei  and  62  of  con- 
centration Xi  and  Xo  distributed  in  a  different  manner  according  to 
whether  the  crystals  of  which  they  are  composed  were  formed  before 
or  after  the  solidification  of  the  eutectic. 

It  will  be  shown  later  that  the  concentrations  Xi  and  Xo  of  the 
two  phases  ei  and  62  may  vary  after  solidification  is  complete.  It  is 
because  of  this  that  the  two  lines  joining  ei  and  62  to  the  base  of 
the  Figure  34  have  been  drawn. 

The  solidus  is  the  line  (S  1)^1^2(52)  '>  below  the  inclined  sections 
(Si)  and  (S2)  there  is  a  single  a  or  j3  solid  solution,  and  between 
ei  and  62,  a  mixture  of  the  a  and  jB  solid  solutions,  which,  at  the 
temperature  T,  have  respectively  the  compositions  indicated  by 
the  points  Ci  and  62-  Further,  Xi  and  X2  are  the  concentrations  of 
the  saturated  solid  solutions  at  the  eutectic  temperature. 

II.  Transition  Point. — The  two  branches  of  the  liqicidus  Li  and 
L2  are  on  both  sides  of  the  horizontal  fc^eo  and  of  the  point  of  inter- 
section E  and  the  point  E  is  outside  the  segment  eiCo  (Fig.  35). — 
Suppose  the  branch  of  the  liquidus  (L]),  giving  rise  to  the  first  solid 
solution  a,  to  be  above  the  horizontal  Eeo^i  and  the  branch  (Lo) 
giving  rise  to  the  second  solid  solution  ^  to  be  below  'Ee^Ci,  the 
corresponding  solidi  cut  ^1^2  ^-^  the  points  Ci  and  e^  which  points 
give  the  compositions  of  the  solid  solutions  a  and  j8  corresponding 
to  a  temperature  T.  At  this  temperature  equilibrium  exists  between 
the  three  phases  :  liquid  E,  solid  Ci,  and  solid  ^2-  ^^^  according  to 
whether  there  is  a  gain  or  loss  of  heat  by  the  system,  the  reversible 
reaction  takes  place  as  follows  : — 

solid  ^2  ^  solid  ei  +  liquid  E 

assuming  that  X2  >  XiA 

On  cooling  the  phase  e,  is  formed  at  the  expense  of  Ci  and  E  ; 
this  reaction  is  not  completed,  as  when  the  latter  reaches  a  concen- 
tration corresponding  to  eo.  that  is,  X2,  then  : 

^  The  inverse  case  x^  >  x.,  is  very  rare,  but  is  met  with  in  tlie  copper-tin  series. 
In  this  case,  the  alloy  completely  solid  below  S,,  again  becomes  partially  hquid  in 
passing  through  the  transformation  temperature,  becoming  entirely  solid  again 
below  (SJ. 
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1.  Between  Ci  and  ^2  the  liquid  E  disappears  and  solidification 
is  complete.  The  line  eiCo  forms  part  of  the  solidus  and,  below  T, 
the  alloys  consist  of  a  mixture  of  the  two  solid  solutions  a  and  /3 
having  at  a  temperature  T°  the  concentrations  Xi  and  X2  at  the 
points  ei  and  Co. 

2.  Between  C2  and  E,  Ci  disappears  at  the  expense  of  62  and  E, 
and  solidification  is  not  complete.  Below  the  temperature  T,  the 
alloys  consist  of  liquid  and  ^  solid  solution  having  respectively,  at  a 
temperature  T°,  the  concentrations  X2  and  i  at  the  points  ^2  ^-^d 
E  ;  solidification  then  continues  as  in  the  case  of  a  single  ^  solid 
solution  by  the  progressive  disappearance  of  the  liquid. 

The  temperature  T  marks  a  rapid  change  in  the  composition  of 
the  solid  phase  in  equilibrium  with  the  liquid,  the  composition  of 


5  «•.    co^c^nirali 

Transition  times  Xx 


z  =  itme 


Fig.  35. 


which  changes  from  Xi  to  X2  ;  above  the  temperature  T  it  is  the 
a  solid  solution  which  is  stable  in  the  presence  of  the  liquid,  and 
below  it  is  the  j3  solid  solution.  For  this  reason  this  temperature  is 
termed  the  transition  point.  The  solidus  is  therefore  (S  1)^1^2(22) • 
Below  this  solidus  the  diagram  is  completed  by  two  lines  drawn 
from  Ci  and  e2  ',  lines  denoting  the  mutual  equilibrium  of  the  non- 
miscible  a  and  j8  solid  solutions  in  the  solid  state,  termed  transforma- 
tion lines.  As  in  previous  cases,  the  horizontal  line  eiCoE  corre- 
sponds to  arrests  on  the  cooling  curves  at  the  temperature  T  and  under 
similar  conditions  of  cooling,  the  length  of  this  arrest  shows  a 
maximum  at  the  point  Co.  Further,  the  portions  of  the  cooling 
curves  having  the  least  inclination  correspond  to  the  region  between 
the  Hquidus  (Li)(L2)  and  the  sohdus  (Si)^i^2(S2)-  Fig.  35  illustrates 
the    four    typical    theoretical    examples    of    these    cooling    curves 
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corresponding  to  alloys  the  percentage  compositions  of  which  are 
given  by  the  vertical  lines  I,  II,  III,  and  IV. 

Summary  and  Consideration  o£  Special  Cases. — It  has  been  shown 
that  the  branches  of  the  liquidus  (L])  and  (Lo)  corresponding  to 
the  formation  of  the  two  distinct  solid  solutions,  a  and  j3,  may 
occur  as  one  of  the  four  types  previously  described  {see  Figs.  29,  31, 
32,  33).  The  two  previous  cases  may  be  considered  either  as  two 
metals  A  and  B  partially  soluble  in  each  other  or,  alternatively, 
as  two  metals  having  an  area  of  insolubility  extending  between  the 
points  Ci  and  62- 

This  partial  solubility  may  only  be  very  slight,  in  which  case 
the  points  ei  and  e^,  very  nearly  correspond  to  the  compositions  of 
pure  metals. 

In  the  case  of  the  eutectic  more  particularly,  the  mutual  solubility 


Com  cen  ii-ation 

Fig.  36. 


Fig.  37. 


of  A  and  B  in  the  solid  state  may  be  practicall}^  nil.  The  diagram 
is  then  as  shown  in  Fig.  36,  the  branch  (Li)  corresponds  to  the 
separation  of  the  metal  A  from  the  liquid  and  the  branch  (L2)  to 
the  separation  of  the  metal  B  ;  excepting  the  two  pure  metals, 
solidification  is  completed,  in  the  case  of  all  the  alloys  of  A  and  B, 
at  a  temperature  T  on  the  horizontal  e-^e^  by  the  formation  of  a 
eutectic  (A+B)  of  which  the  mean  composition  is  given  by  the 
abscissae  |  at  the  point  E.  In  this  instance,  the  metals  A  and  B  are 
completely  non-miscible  in  the  solid  state,  and  all  the  alloys  in  the 
solid  state  consist  of  the  eutectic  (A+B)  and  A  or  B,  according  to 
whether  the  content  of  B  is  less  or  greater  than  ^.  There  are  only 
two  phases,  A  and  B. 

This  is  the  case  with  the  alloys  of  silver-lead,  bismuth-cadmium, 
bismuth-tin,  cadmium-zinc,  tin-zinc,  etc.  In  certain  instances 
(Fig.  37)  the  point  E  very  nearly  coincides  with  one  of  the  constituent 
metals,  in  which  case  one  branch  of  the  liquidus  appears  to  form  the 
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eutectic  point  where  it  meets  the  boundary  of  the  diagram  (pari- 
metal),  and  the  eutectic  temperature  is  then  easily  confused  with 
the  melting  point  of  the  pure  metal.  One  of  the  authors  1  found 
this  to  occur  with  the  copper-bismuth  alloys. 

C.  Metals  forming  Three  Series  of  Solid  Solutions  as  they  pass 
from  the  Liquid  State — Formation  of  a  Compound. — In  this  case 
there  exist  three  branches  of  the  liquidus  (L^),  (L2),  and  (L3)  corre- 
sponding to  three  solid  solutions  a,  ^,  and  y  ;  there  are  consequently 
three  branches  of  the  solidus  (Sj),  (So),  and  (S3). 

The  form  of  the  diagram  will  depend  on  : 

1.  The  respective  forms  of  the  three  branches  (L^),  (Lo),  and  (L3) 
of     the     liquidus  ^ 

corresponding  to 
one  of  the  four 
types  previously 
described. 

2.  The  arrange- 
ment     of      the 
branches       round 
their     points     of     5 
mutual     intersec-     ? 
tion    will     be     in     §v 
accordance     with    ^ 
what  has  been  pre- 
viously   described 
in     the     cases    of 
the    eutectic    and 
transition    points. 
Three  typical  ex- 
amples      of     the 
various  possible  arrangements  will  be  taken  in  illustration  of  this 
case. 

I.  There  are  two  eutectic  points  E  and  Ei,  the  intermediate  branch 
of  the  liquidus  (L2)  being  of  the  type  II  described  by  Roozeboom  {Fig.  38). 
— Two  eutectics  are  formed,  a-j-^  and  jS+y,  at  the  temperatures 
T  and  T'  shown  by  the  horizontals  CiEc?  and  (j'^E'^'o  ;  the  per- 
centage compositions  of  these  eutectics  are  given  by  the  abscissa 
i  and ,  I'  from  the  points  E  and  E'  and  of  the  constituents  of 
these  eutectics,  a,  /3,  and  y,  by  Xj  and  Xo,  abscissae  of  Ci  and  Co  for 
the  tirst  eutectic  a+/S  and  x\  and  x'o  abscisscie  of  e'l  and  e'2  for  the 
second  eutectic  /3-j-y. 

As  in  the  previous  case,  it  is  possible  for  the  miscibility  in  the  solid 
state  to  be  nil.  This  is  particularly  the  case  with  the  intermediate 
solid  solution  /3  which  will  then  have  a  constant  composition  with 

^  Portevin,  Revue  de  Met.,  vol.  iv.,  p.  1077  ;   1907. 


Fig.  38. 
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variation  of  temperature,  and  the  branch  of  the  sohdus  (S2)  then 
consists  of  a  vertical  line  Me^c'i  (Fig.  39)  since  this  curve  gives  the 
composition  of  the  solid  in  equilibrium  with  the  liquid,  in  this  case  a 
constant.  Therefore,  a  definite  compound  of  the  two  metals  A  and 
B  separates  along  (L2)  of  composition  C=A"'B". 

Ihe  maximum  point  M  corresponds  to  the  melting  point  of  the 
definite  compound  C=A'"B"  having  a  content  X  of  the  metal  B. 
When  the  alloy  is  of  composition  X  the  cooling  curve  will  show  a  single 

arrest  at  the  point 
M,  the  compound  C 
behaving  in  a  man- 
ner exactl}^  similar 
to  a  pure  metal. 

Along  the 
branches  of  the 
£  liquidus  (L^)  and 
(L3)  there  separates 
either  the  solid 
solutions  a  and  /3, 
^'  as  in  Fig.  38,  or  the 
pure  metals  A  and 
B  as  in  Fig.  39 ;  in 
the  latter  case  the 
solidus  will  simply 
''''  consist  of  the  two 
eutectic  horizontals 
CiEe2  and  e'iKc'2, 
and  the  alloys  after 
solidification  have 
the  following  con- 
stitutions : — 


-~^/ 


Eutectic  times 
Fig.  39. 


A  +  eutectic  (A+C) 
in  the  case  of  the  alloj's  of  lower  concentration  than  ^  abscissae  of  E  ; 

C+eutectic  (A-fC) 
in  the  case  of  alloys  of  intermediate  concentration  between  i  and  X  ; 

C+eutectic  (C+B) 

in  the  case  of  alloys  of  intermediate  concentration  between  X  and  i, 
abscissae  of  E'  ; 

B+eutectic  (C+B) 

in  the  case  of  alloys  of  greater  concentration  than  ^. 

Finally,  the  two  solid  phases  A  and  C  exist  in  the  alloys  of 
lower  concentration  than  X  and  the  two  solid  phases  C  and  B  in 
the  alloys  of  greater  concentration  than  X. 
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The  diagram  may  be  considered  as  two  separate  diagrams  united 
together;  the  one  corresponding  to  the  alloys  of  the  metal  A  and 
the  compound  C,  the  other  corresponding  to  the  system  composed 
of  the  compound  C  and  the  metal  B. 

In  this  particular  instance  the  compound  C,  which  melts  without 
decomposition,  is  characterised  by 
a  maximum  ]\I  on  the  liquidus  and 
the  absence  of  the  eutectic  arrest 
at  the  temperatures  T  and  T'.  With 
all  the  other  alloys  of  the  system 
a  eutectic  is  formed  and  con- 
sequently the  cooling  curves  show 
arrests  at  the  temperature  T  and 
T'  (except  the  pure  metals). 

In  some  cases  the  compound  also  forms  solid  solutions,  and  the 
solidus  is  then  of  the  type  shown  in  the  preceding  figure.  In  other 
cases  a  solid  solution  is  only  formed  on  one  side  of  the  maximum 
(Fig.  40),  and  the  compound  C  then  separates  along  E]\I  and  the  jB 
sohd  solution  along  ]\IE'. 

2.  The  case  of  a  transition  point  E  and  a  eutectic  point  E'  {Fig.  41). 


Fig.  40. 


Fig.  41. 


— Solidification,  etc.,  will  take  place  as  previously  described  at  the 
temperatures  T  and  T'  of  the  points  E  and  E'. 

At  a  temperature  T  (horizontal  e^CoE  of  the  diagram),  on  further 
cooling  j8  is  formed  at  the  expense  of  the  sohd  solution  a  already 
existing  (and  which  has  reached  the  concentration  Xi,  shown  in  the 
diagram   as   the   abscissae   of   the  point   Ci)    and   of   the   liquid  of 
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concentration  f  at  the  point  E.  This  reaction  absorbs  either  the 
remaining  Uquid  E,  or  the  already  formed  sohd  sohition  a,  according 
to  whether  the  composition  of  the  alloy  lies  between  e-i  and  eo  or 
between  Co  and  E. 

On  further  coohng  at  a  temperature  T'  (horizontal  c'iE'e'2) 
the  remaining  Hquid  of  concentration  i,  abscissae  of  E  sohdifies 
completely  with  the  formation  of  a  eutectic  of  ^+y.  As  in  the 
previous  case,  it  is  possible  for  the  intermediate  solid  solution  ^  to 
have  a  constant  concentration  with  change  of  temperature,  the 
corresponding  branch  of  the  solidus  then  being  vertical  (Fig.  42). 

This  occurs  when 
a  compound 
C=A'«B'^ 
of  the  two  metals 
A  and  B,  of  com- 
position X,  sepa- 
rates along  the 
liquid  us  (Lo). 
Consider  now 
what  takes  place 
in  this  case  and 
assume,  to  avoid 
complication, 
that  there  is  no 
miscibility  in  the 
solid  state  and 
that  the  pure 
metals  A  and  B 
separate  along  the 
liquidus  (Lj)  and 

(L3)- 

On  cooling,  at 

the  temperature  T  of  the  point  E,  the  compound  C  is  formed  by 

the    reaction   between    the  liquid  E  and  the   deposited   metal  A  ; 

inversely,  on  heating  the  compound  C  splits  up  into  the  metal  A 

and  the  liquid  E  ;    U  decomposes  before  melting  and  the  compound 

has  no  melting  point,  thus  differing  from  the  previous  case. 

Finally,  it  is  possible  that  along  the  branch  EE'  is  deposited, 
neither  a  solid  solution  nor  a  compound,  but  an  allotropic  form  of 
the  metal  A  ;  the  vertical  line  at  the  point  Cg  then  closely  corresponds 
with  that  at  the  point  A. 

General  Remarks. — The  equilibrium  diagram  obtained  from  the 
cooling  curves,  shows  the  formula  of  the  compound.  In  order  to 
establish  the  exact  position  of  the  corresponding  vertical,  Tammann 
has  stated  that  under  identical  cooling  conditions  : 


Transform  atid^  tunes 
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Eutectic  times 
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Fig.  42. 
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1.  Compounds  which  are  formed  at  transition  points  correspond 
with  the  alloy  which,  at  the  transition  temperature,  shows  the 
longest  arrest  on  the  cooling  curve. 

2.  When  a  compound  forms  one  of  the  two  constituents  of  a 
entectic,  the  eutectic  arrest  shown  by  the  cooling  curve  entirely 
disappears  in  the  case  of  the  alloy  corresponding  to  the  pure 
compound.! 

This  is  shown  by  the  portions  of  the  diagrams  below  the  base 
line  (Figs.  39-42),  and  what  has  been  stated  in  respect  to  systems 
forming  three  series  of  solid  solutions  a,  jB,  and  y  will  apply  equally 
in  the  case  of  4,  5,  etc.,  solid  solutions  ;  some  or  all  of  these  inter- 
mediate solid  solutions  may  contain  definite  chemical  compounds. 

In  the  cases  so  far  considered,  the  systems  have  been  completely 
miscible  in  the  liquid  state.  As  previously  mentioned,  this  is  not 
always  the  case  and  examples  of  the  second  type  will  now  be 
considered. 


Systems  consisting  o£  Two  Non-miscible  Liquids  in  the  Molten 
State  (Fig.  43) 

It  has  been  shown,  when  considering  alloys  in  the  liquid  state, 
that  metals  may  be  non-miscible  in  the  liquid  condition,  similarly 
to  oil  and  water,  or  only  partially  miscible,  as  in  the  case  of  water 
and  phenol.  Also,  in  conformity  with  the  laws  of  equilibrium  for 
binary  alloys  of  two  metals  with  two  phases  {see  p.  30),  the  area 
of  two  liquids  was  divided  from  the  single  liquid  area  by  the  curve 
MFN,2  defining  for  any  temperature  the  concentrations  of  the  two 
liquid  phases  M  and  N  in  a  state  of  equilibrium,  these  being  the 
limiting  concentrations  outside  which  the  alloys  form  a  single 
phase  in  the  liquid  state. 

As  in  previous  instances,  within  the  region  of  the  two  liquids, 
the  relation  between  the  masses  of  the  two  liquid  phases  is  given 
by  the  equation  : 

Liquid  N  ^  PM 
Liquid  M       PN 

Outside  the  curve  GMFNH,  that  is  in  the  region  of  a  single 
liquid  phase,  solidification  takes  place  in  the  ordinary  way  ;  assume, 
in  order  to  avoid  comphcation,  that  the  solidification  takes  place  by 
the  separation  of  the  two  pure  metals  and  the  final  formation  of  a 
eutectic  E. 

^  For  further  details  as  to  this  method  of  determination,  see  Porte vin,  "  La 
Methode  d'analyse  thermique  du  professeur  Tammann  "  {Revue  de  Met.,  vol.  iv.,  p.  797 ; 
1907). 

-  As  a  general  rule,  the  two  branches  of  the  curve  GM  and  HN  approach  one 
another  with  rise  of  temperature  and  unite  at  a  point  T  corresponding  to  the  critical 
temperature  of  the  double  liquid  mixture. 
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Passing  from  the  melting  point  of  one  of  the  pure  metals  A,  a 
branch  of  the  liquidus  AH  indicates  the  separation  by  primary 
solidification  of  the  metal  A  ;  but  when  the  temperature  T  is  reached, 
this  branch  AH  meets  the  line  HF  which  defines  the  region  having 
two  liquids ;  at  this  temperature  T,  the  liquid  at  concentration  H 
is  in  equilibrium  with  : 

I.  The  solid  metal  A  since  the  point  H  is  on  the  liquidus  AH. 

2.  A  second  liquid 
phase  of  composi- 
tion G,  since  the 
point  H  is  also  on 
the  curve  HFG. 

The  three  phases  : 
liquid  H,  liquid  G, 
and  solid  A,  are 
then  in  equilibrium ; 
in  accordance  with 
what  has  been  pre- 
viously stated,  this 
state  of  equilibrium 
can  only  exist  at  one 
definite  temperature 
T  ;  if  heat  is  re- 
moved from  this 
system  of  three 
phases,  or,  in  other 
words,  if  the  alloy 
is  allowed  to  cool, 
there  will  be  a  re- 
action between  the 
phases  and  a  con- 
sequent liberation 
of  heat  tending  to 
restore  the  tempe- 
rature T.  But  H 
being  the  inter- 
mediate phase  be- 
tween G  and  A,  only  the  following  reaction  can  take  place  : 

Liquid  H  ^  hquid  G+solid  A 

The  two  phases  H  and  A  having  existed  above  the  temperature  T, 
the  liquid  H  will  spht  up  depositing  more  solid  A  and  forming  more 
liquid  G,  and  this  reaction  will  continue  at  a  constant  temperature 
until  the  liquid  H  has  entirely  disappeared.  There  will  then  be  left 
only  a  liquid  phase  G  and  a  solid  phase  A,  and  solidification  will 


Fig.  43. 
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continue  in  the  ordinary  way  along  the  branch  GE  of  the  hquidus. 
The  hquidus  includes  an  horizontal  section  GH  indicating  the  region 
where  solidification  takes  place  with  two  liquids  present,  and  the 
extremities  G  and  H  give  the  compositions  of  the  two  liquid  phases 
at  the  temperature  T. 

An  alloy  of  composition  P,  intermediate  between  G  and  H, 
consists,  in  the  liquid  state,  of  two  phases  M  and  N  ;  allowed  to 
cool,  at  a  temperature  T,  the  two  phases  approach  the  compositions 

TDTT 

G  and  H  and  are  present  in  the  proportion  ^^  ;    then  the  reaction 

given  above  occurs  until  the  liquid  H  ceases  to  exist ;  during  this 
reaction  the  tempe- 
rature remains  con- 
stant (if  the  cooling 
is  not  too  rapid) .  All 
alloys  having  com- 
positions between  G 
and  H  show  an  arrest 
on  their  coohng 
curves,  which  in- 
dicates the  latent 
heat  of  decomposi- 
tion of  the  liquid 
H  and  is  conse- 
quently a  maximum 
when  the  entire  alloy 
takes  part  in  the  re- 
action ;    this  occurs  [  ^a 

at    a    mean    COncen-    //eterogreneous  1  r~3 

tration    correspond-  [  E'l.iiiiii.i:! 

ing    to    the    abscissas     Homcgemons- 

at  the  point  H. 

The  following 
systems  offer  examples  of  this  type  :  copper-lead,  nickel-lead,  silver- 
nickel,  zinc-lead,  zinc-bismuth,  etc.  ;  it  is  possible  for  the  two 
metals  to  be  entirely  insoluble  in  the  liquid  state,  in  which  case 
they  solidify  separately  and  the  solidification  or  melting  point  curves 
are  reduced  to  two  horizontal  lines  passing  through  the  melting 
points  of  the  two  metals.  Examples  :  aluminium-lead,  iron-lead, 
silver-iron,  etc. 

In  Fig.  44,  in  which  two  metals  A  and  B  are  shown  partially 
raiscible  in  the  solid  state,  the  areas  in  which  two  phases  exist  are 
shown  sectioned  ;  horizontal  sectioning  in  the  case  of  two  liquid 
phases  ;  vertical  in  the  case  of  two  solid  phases,  and  oblique  where 
there  is  one  liquid  and  one  solid  phase. 


Ccftcen/fa/ion 
2  Liquid  phases 

1  Liquid  phase  +  1  solid  phase 

2  Solid  phases 

1  Liquid  or  solid  phase 
Fig.  44. 
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TRANSFORMATIONS  IN  SOLID  ALLOYS 

Having  considered  the  chief  cases  possible  in  the  solidification 
of  binary  alloys,  or  in  other  words,  the  equilibrium  conditions  between 
the  liquid  and  solid  states  (crystalline  state  as  will  be  shown  later), 
the  phenomena  occurring  in  completely  solid  alloys  will  now  be 
briefly  considered. 

The  internal  chemical  constitution  is  able  to  change,  by  various 
transformations  occurring  after  solidification  has  taken  place,  in 
such  manner  that  the  properties  and  structure  of  the  alloy  are 
entirely  altered. 

In  the  examples,  the  transformations  considered  will  have  com- 
pleted themselves  in  a  normal  manner,  or  stated  in  other  words, 
equilibrium  conditions  will  be  assumed.  In  practice,  various  retarding 
influences,  which  may  be  classified  as  internal  passive  resistances, 
due  to  the  viscosity  of  the  medium,  frequently  prevent  these  con- 
ditions from  being  fulfilled.  Also,  after  having  defined  the  equilibrium 
conditions,  the  effect  of  the  various  retarding  influences,  which  tend 
to  retain  the  alloys  not  in  equilibrium  and  lead  to  various  theories 
on  the  quenching  of  alloys,  will  be  considered. 

The  laws  governing  these  transformations  are  identical  with  the 
laws  governing  solidification  and  are  interpreted  by  analogous  curves. 
The  principal  cases  will  be  dealt  with  and  compared  with  those 
found  for  the  solidification  of  alloys. 

I .  Polymorphic  Transformations  in  a  Pure  Metal  or  Definite  Chemical 
Compound.  i^-It  has  been  shown  that  solidification  can  occur 
without  internal  chemical  change,  viz. :  solidification  of  a  pure 
metal  or  of  a  definite  chemical  compound  corresponding  to  a 
maximum  of  the  liquidus  ;  the  two  phases  present  then  have  the 
same  chemical  composition,  for  it  is  a  simple  change  of  the  physical 
state.  But  the  same  definite  chemical  substance  can  exist,  in  the 
solid  state,  in  two  varieties  entirely  different  as  regards  their  crystal- 
line form  and  also  as  regards  their  properties,  giving  rise  to  two 
phases  in  equilibrium  at  a  certain  definite  temperature  under 
exactly  analogous  conditions  to  the  melting  point  ;  this  temperature 
is  the  polymorphic  or  allotropic  transformation  temperature  under 
equilibrium  conditions. 

The  different  varieties  are  frequently  distinguished  by  the 
various  Greek  letters  a,  ^,  and  y  ;   for  example  : 

I.  Iron  exists  as  three  varieties  a,  )3,  y ;  the  equilibrium  or 
transformation  temperatures  of  which  are 

^$7:917° 

^  To  this  may  be  added,  a  solid  solution  corresponding  to  the  maximum  point  on 
the  solidification  curves. 
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2.  Tin  exists  as  three  varieties  :  amorphous  grey  tin  stable  at 
20°  C.  (Cohen)  with  tetragonal  tin  which  is  in  turn  transformed  at 
170°  into  white  rhombic  tin  (Werigin,  Lewkojeff,  and  Tammann). 

3.  Zinc  exists  as  two  varieties,  the  transformation  taking  place 
at  about  360°  (Le  Chatelier). 

4.  Thallium  shows  a  polymorphic  transformation  at  about  226° 
(Levin,  Williams). 

5.  Nickel  has  a  magnetic  variety  a  and  a  non-magnetic  variety  /3, 
the  transformation  taking  place  about  320°. 

6.  Cobalt  shows  a  transformation  at  about  1080°. 

Similar  examples  can  be  given  in  the  case  of  compounds ;  thus  the 
carbide  of  iron,  Fe^C,  shows  a  polymorphic  transformation  at  210° 
(Wologdine,  Driesen,  Honda  and  Tagaki,  Chevenard). 

In  a  mixture  of  two  phases  containing  a  pure  metal  or  definite 
compound,  the  allotropic 
transformation,  which  occurs 
at  a  constant  temperature,  is 
shown  on  the  diagram  by  an 
horizontal  extending  over  the 
whole  area  in  which  the  two 
phases  can  exist. 

2.  Polymorphic  Transforma- 
tions in  a  Solid  Solution. — 
Each  of  the  polymorphic 
varieties  of  a  metal  A  is  able 
to  form  a  solid  solution  with 
a  metal  B,  the  solid  solutions 
being  non-miscible  ;  the  solid 
solutions  can  exist  together  at 
a  given  temperature  in  an  ex- 
actly similar  manner  to  a  solid 
solution  of  two  metals  and  a 

liquid  solution  of  the  two  metals  which  may  exist  together  in  equili- 
brium as  previously  described.  The  change,  from  one  solid  solution 
to  the  other,  takes  place  in  accordance  with  laws  which  are  identical, 
and  is  interpreted  by  two  curves,  showing  the  commencement  and 
completion  of  transformation,  which  are  analogous  to  the  curves 
corresponding  to  the  commencement  and  completion  of  solidification 
(Fig.  45).  Internal  polymorphic  modification  will  take  place  in  an 
alloy  of  two  metals  A  and  B  over  a  range  of  temperature.  For 
example,  on  coohng,  during  the  given  interval  of  temperature 
shown  by  the  curves,  the  solid  solution  a  will  be  converted  into  the 
solution  j8,  and  whilst  this  change  is  taking  place  the  two  solutions 
a  and  j8  will  exist  simultaneously  and  under  equilibrium  conditions, 
their   respective    compositions    being   given    by    the    curves.     The 
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curves  may  be  of  any  of  the  three  types  previously  described  (Figs.  29, 

31,  and  32). 

The  existence  of  two  phases  on  soHdification  is  also  possible,  as 

previously  described  (eutectic  and  transition  points)  ;    these  solid 

solutions  having  definite 
chemical  compositions  at 
the  temperature  of  com- 
plete solidification  shown 
by  the  horizontal  solidus 
(Figs.  35  and  38)  may  after- 
wards change  in  composi- 
tion with  change  of  tempera- 
ture. Two  curves  of  similar 
type  to  cifi  and  60/2  (Fig. 
46)  give,  in  every  case,  the 
equilibrium  compositions  of 
the  two  solid  solutions  after 
they  fall  below  the  tem- 
perature, corresponding  to 
the  horizontal  eiCo,  at  which 
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the  solid  phases  exist  in  equilibrium  with  the  liquid  phase  at  the 
transition  or  eutectic  temperature  (^1  and  e^,  compositions  of  the 
solid    phases  at  this  temperature).     In  practice,    these   lines  Cif^ 

and  d?2/2  very  closely 
approach  the  vertical 
and  are  therefore  very 
difficult  to  determine, 
consequently  many 
investigators  assume 
them  to  be  vertical 
to  avoid  the  necessity 
of  determining  the 
respective  points. 

Obviously  eutectic 
and  transition  points 
are  also  possible  in  the 
equilibrium  curves  in 
the  solid  state  ;  in  the 
former  case  the  finely 
divided  mixture  sepa- 
rating along  the  horizontal  line  at  the  eutectic  point  being  known 
as  a  cutcdoid. 

If  further  explanation  of  these  phenomena  is  required  it  is  only 
necessary  to  refer  to  what  has  been  stated  in  the  description  of  the 
solidification  of  alloys,  replacing  the  word  liquid  by  sohd  solution. 


Fig.  47. 
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Example  :  With  the  copper-tin  alloys,  from  the  solid  solution  y 
(Fig.  47)  is  formed  a  definite  compound  CusSn,  which  separates  from 
this  solid  solution  along  the  curve  mnp  having  a  maximum  at  a 
point  n  corresponding  to  the  composition  of  the  pure  compound. 
This  compound  reacts  at  the  temperature  of  the  horizontal  uom  with 
the  remaining  solid  solution  y  of  composition  m  to  form  another  solid 
solution  S.  Conditions  similar  to  those  of  a  transition  point  will  be 
recognised,  and  the  arrangement  of  the  curves  is  the  same  as  in  that 
case.  On  the  other  side,  the  solid  solution  y  forms  a  solid  solution  ^ 
along  the  line  qr,  and  the  two  curves  rq  and  mq,  separating  y  from  j8 
and  S  respectively,  meet  at  a  point  q  which  is  the  eutectic  point  on 
the  horizontal  qs  along  which  the  eutectoid  ^+S  is  formed. 

This  case  illustrates  the  formation  at  a  definite  temperature, 
during  cooling,  of  a  solid  solution  S  at  the  expense  of  two  phases  ; 
if  S  were  a  compound,  the  lines  os  and  ov  would  be  vertical.  This 
occurs  in  the  solid  state  with  the  formation  of  Ni4Sb  at  677°  in  the 
nickel-antimony  series. 

Transformations  with  Reactions. — The  transition  and  eutectic 
points  already  described  are  strictly  speaking  transformations 
accompanied  by  reactions,  inasmuch  as  there  is  a  formation  or 
disappearance  of  a  phase  at  the  expense  of  two  others  of  different 
chemical  composition. 

This  fact  will  be  illustrated  in  a  later  chapter  in  the  case  of 
steels  (p.  131)  ;  at  the  transformation  temperature  723°  C,  where  the 
solid  solution  y  iron-carbon  disappears  on  cooling  with  the  formation 
of  a  iron  and  iron-carbide  which  occur  as  a  eutectoid  called  pearlite. 

The  transformations  occurring  in  solid  alloys  are  determined  by 
lines  known  as  transformation  lines  or  critical  lines  and  the  tempera- 
tures at  which  the  verticals,  corresponding  to  definite  alloys,  cut 
these  lines  are  known  as  the  transformation  temperatures  or  the 
critical  points  of  the  respective  alloys. 

What  has  been  stated  with  regard  to  the  equilibrium  of  solid 
phases  proves  that  if  a  metal  A  has  a  polymorphic  or  allotropic 
transformation  point  at  a  temperature  T,  the  addition  of  a  metal  B 
may  or  may  not  vary  this  temperature  according  to  whether  the 
metal  B  is  or  is  not  miscible  with  the  metal  A  in  the  solid  state. 


EQUILIBRIUM  DIAGRAMS 

The  diagram,  combining  the  melting  point  and  solidification 
curves  and  the  curves  showing  the  transformations  taking  place 
in  the  solid  state,  and  therefore  giving  the  complete  history  of  all 
the  internal  chemical  modifications  that  occur  during  the  solidifica- 
tion and  cooling  of  binary  alloys,  according  to  their  composition 
and  temperature,  is  called  an  eqiiilihrium  diagram. 
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The  problem  as  to  the  chemical  composition  of  an  alloy  of  two 
metals  is  now  completely  solved  so  long  as  the  alloy  is  in  a  state  of 
equilibrium  and  the  temperature  and  average  concentration  of  the 
alloy  are  known  ;  the  average  concentration  being  the  proportions 
of  the  two  metals  that  the  alloy  contains.  Particularly  important 
is  the  fact  that  the  chemical  constitution  at  atmospheric  temperature 
is  known  if  the  alloy  is  in  equilibrium  ;  this  is  the  first  informa- 
tion to  help  in  the  examination  of  the  microscopic  structure  of 
alloys. 

A  short  summary  will  now  be  given  of  the  principles  enunciated 
during  the  consideration  of  the  various  typical  elementary  cases 
that  are  met  with  in  equilibrium  diagrams  and  also  a  brief  account 
of  the  experimental  methods  employed  in  their  construction.  The 
reader  will  then  have  a  clear  conception  as  to  the  construction  of 
the  equilibrium  diagram,  which  is  essential  to  the  study  of  the 
microscopical  constitution  of  alloys. 

Interpretation  of  an  Equilibrium  Diagram  of  Two  Metals. — It  must  be 
remembered,  when  considering  the  summary  of  the  principles  pre- 
viously given,  that  the  construction  and  interpretation  of  an  equili- 
brium diagram  requires  both  care  and  knowledge. 

A.  The  lines  constituting  the  diagram  of  a  binary  alloy  divide 
it  into  several  fields  or  equilibrium  areas  occupied  by  one  or  two 

phases  :  in  the  case  of  one 
phase,  the  chemical  com- 
position or  concentration 
at  each  position  is,  under 
equilibrium  conditions, 
the  mean  composition 
or  concentration  of  the 
alloy ;  for  the  particles 
composing  the  alloy  are 
then  of  the  same  chemi- 
cal kind.  When  there  are 
two  phases  present,  the 
particles,  which  may  be 
more  or  less  intimately 
mixed,  are  of  two  chemi- 
cal kinds  of  known  chemi- 
cal composition  at  any 
definite  temperature.  This  is  illustrated  figuratively  by  the  point  INI 
(Fig.  48)  having  as  abscissae  the  mean  concentration  of  the  alloy  X 
and  as  ordinate  a  temperature  T,  horizontal  FG  ;  the  abscissae  x^ 
and  x^  of  the  points  of  intersection  with  the  lines  limiting  the  area 
of  two  phases  in  a  lateral  direction,  give  the  concentrations  of 
the    two    phases  a  and  /3  existing    together   in    equilibrium    at    a 
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temperature  T".     Further,  the  relative  proportions  of  the  two  phases 
a  and  ^3  are  given  by  the  equation 

a  ^MG 

j8  MF 
It  is  seen  that  in  the  case  of  an  area  containing  two  phases  and 
at  any  given  temperature  the  quantit}^  of  each  phase  varies  directly 
with  the  mean  chemical  composition  X,  and,  moreover,  all  vertical 
lines  on  the  diagram  indicate  the  existence,  in  the  adjacent  sections, 
of  a  phase  which  remains  of  constant  composition  with  change  of 
temperature.  This  occurs  when  one  of  the  phases  is  a  definite 
chemical  compound. 

B.  All  horizontal  lines  on  the  diagram  correspond  to  the  simulta- 
neous existence  of  three  phases  at  this  temperature,  and  consequently 
on  passing  through  this  temperature  a  reversible  reaction  occurs  at 
a  constant  temperature.  The  compositions  of  the  three  phases  is 
given  by  the  abscissa;  of  the  extremities  of  the  horizontal  line  and 
by  the  intermediate  point  where  the  other  lines  of  the  diagram 
meet. 

Let  Xi,  Xo,  x^  be  the  concentrations,  arranged  in  their  order  of 
magnitude,  of  the  three  phases  a^,  ag,  and  ag,  then,  at  the  temperature 
T  of  the  horizontal,  the  following  reaction  occurs  : 

the  phase  ao  can  only  exist  on  one  side  of  the  horizontal  shown  on 
the  diagram. 

C.  On  passing  through  an  oblique  line  of  the  diagram  there  is 
an  increase  or  decrease  in  the  number  of  phases.  In  particular, 
below  an  inclined  solidus  there  is  only  one  phase,  in  other  words,  a 
solid  solution. 

D.  When  two  lines  of  the  diagram  cut  one  another  and  form  an 
angle  between  them,  both  lines  being  above  the  horizontal  at  the 
point  of  intersection,  there  is  a  simultaneous  deposition  of  the  two 
phases  and  the  formation  of  a  eutectic  (known  as  a  eutectoid  if  both 
the  phases  taking  part  in  the  reaction  are  solid)  when  the  temperature 
falls  and  the  horizontal  line  at  the  point  of  intersection  is  passed. 

Construction  of  the  Diagrams. — The  passage  through  a  line  of 
the  diagram  is  accompanied,  in  every  case,  by  a  change  in  all  or  some 
of  the  physical  constants  and  properties  of  the  alloy  ;  density, 
specific  heat,  electrical  resistance,  thermo-electric  power,  magnetic 
properties,  etc.  1  Therefore,  if  the  variation  of  one  of  these  properties 
with  change  of  temperature  is  studied,  when  one  of  the  lines  of  the 
diagram  is  passed  through  a  comparatively  rapid  change  in  the 
property  under  examination  will  be  observed  and  will  appear  in 

1  This  statement  does  not  imply  that  these  properties  are  only  functions  of  the 
equilibrium  diagram. 
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the  curve,  in  which  the  respective  property  is  plotted  as  a  function 
of  the  time,  as  an  irregularity  in  the  general  form.  The  temperatures 
at  which  these  irregularities  are  found  will  correspond  to  the  tempera- 
tures at  which  the  lines  of  the  diagram  will  meet  the  vertical  lines 
corresponding  to  the  compositions  of  the  alloys  examined. 

The  determination  of  cooling  curves  which  will  now  be  con- 
sidered, the  operation  being  known  as  thermal  analysis,  is  merely  a 
typical  instance  of  this  principle  ;  further,  it  may  be  stated  that  the 
method  of  thermal  analysis  is  almost  exclusively  employed  for  the 
determination  of  melting  point  and  solidification  curves  because  of 
the  comparatively  large  heat  evolutions  occurring  under  these 
conditions.  For  the  identification  of  the  transformation  points  in 
the  solid  state  dilatometric  and  magnetic  determinations  are  both 
employed,  and  in  some  cases  the  alterations  in  thermo-electric  power 
and  electrical  resistance  are  also  measured. 

It  must  not  be  overlooked  that  with  any  given  transformation 
there  may  be  well-marked  alterations  in  certain  of  the  physical 
properties  whilst  others  remain  practically  unchanged  ;  for  instance, 
the  melting  points  of  lead  and  tin  are  clearly  shown  by  thermal 
analysis  and  the  change  in  electrical  resistance  (de  la  Rive),  but 
there  is  no  corresponding  change  in  the  thermo-electric  power 
(Cermak  and  Schmidt)  ;  the  nickel  transformation  point  in  the 
solid  state,  very  difficult  to  observe  by  the  dilatation  method,  is 
easily  found  from  the  thermal  analysis  and  also  from  the  study  of 
the  magnetic  properties  of  the  metal :  the  zinc  transformation 
point,  found  to  occur  at  360°  by  the  electrical  resistance  method 
(H.  Le  Chatelier),  is  not  observable  by  thermal  analysis  ;  the  separa- 
tion of  two  non-miscible  liquids  from  the  melted  alloys  of  lead  and 
zinc,  accompanied  by  an  inappreciable  liberation  of  heat,  is  clearly 
shown  by  the  change  in  electrical  resistance  (Bornemann  and  Muller) . 
The  reversible  transformation  point  of  white  tin  to  grey  tin  has  been 
determined  by  the  measurement  of  the  electromotive  force. 

The  accuracy  of  these  determinations  will  obviously  depend  on 
the  amplitude  of  the  variations  and  the  sensitivity  of  the  methods 
and  apparatus  used  in  their  measurement,  and  it  is  therefore  essential 
to  employ  every  available  means  in  the  scientific  study  of  the 
chemical  equilibrium  of  two  metals.  Under  ordinary  practical 
working  conditions  the  following  methods  are  employed  ; — 

1.  Thermal  analysis  for  melting  points  and  transformation 
temperatures. 

2.  Dilatometric  and  magnetic  methods  for  the  transformations 
occurring  in  steels. 

A  short  description  of  the  method  known  as  thermal  analysis 
will  now  be  given,  this  being  the  method  in  most  general  use  at  the 
present  time. 
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Thermal  Analysis. — The  relationship  between  the  slope  or 
direction  of  the  cooling  curves  and  the  equilibrium  diagrams  has 
been  shown  during  the  examination  of  the  various  simple  typical 
cases  met  with  in  these  diagrams.  By  cooling  curves  are  meant 
the  curves  having  as  a  function  of  the  time,  the  temperature  of  an 
alloy  which  is  allowed  to  cool  in  such  a  manner  that  it  is  protected 
or  insulated  from  all  external  sources  of  heat  capable  of  affecting 
the  uniform  rate  of  cooling.  Under  these  conditions  any  irregu- 
larities in  the  curves  must  be  due  to  internal  liberations  of  heat 
caused  by  modifications  in  the  chemical  constitution  of  the 
alloys. 

These  irregularities  may  be  divided  into  two  main  classes  : 

1.  Break  or  change  of  direction  in  the  curve  corresponding  to 
the  passage  through  an  inclined  line  of  the  diagram  (points  h  and  c, 
Fig.  30,  p.  ^-^  ;  also  Figs.  34,  35,  pp.  35,  39). 

2.  Arrest  or  horizontal  section  of  the  curve  denoting  an  isothennal 
reaction  between  three  phases,  corresponding  to  the  passage  through 
a  horizontal  line  of  the  diagram.  This  case  also  occurs  with  two 
phases  when  they  are  of  the  same  composition  ;  for  example,  the 
common  points  of  liquidus  and  solidus  in  the  case  of  pure  metals 
and  the  maximum  of  the  liquidus  (example  :  arrest  be,  Fig.  27, 
p.  27). 

Cooling  curves  are  determined  by  taking  readings  of  the 
temperature  over  definite  intervals  of  time  or  by  means  of  automatic 
recording  appliances  which  plot  the  curves  direct. 

Low  temperatures  may  be  measured  by  means  of  ordinary 
thermometers,  but  for  high  temperatures  thermo-couples  or  other 
suitable  forms  of  pyrometer  must  be  used  ;  thermo-couples  are 
nearly  always  used  in  the  autographic  recording  appliances.  With 
couples  of  platinum — platinum-rhodium  (10  percent.  Rh)  temperatures 
up  to  1600°  C.  may  be  measured,  but  up  to  temperatures  of  800°  C. 
couples  of  copper-nickel  or  iron-constantan  may  be  used,  and  will 
give  a  greater  sensitivity  and  be  far  less  expensive. 

It  is  impossible  in  the  present  work  to  give  the  experimental 
details,  types  of  apparatus,  and  the  various  precautions  to  be  taken 
in  the  operations  of  thermal  analysis,  and  only  a  brief  description  of 
the  methods  employed  will  be  attempted. 

I.  To  determine  the  complete  cooling  curve  of  an  alloy  the 
junction  of  the  thermo-couple,  suitably  protected  from  the  effects  of 
the  liquid  alloy  and  the  metallic  vapour  it  evolves,  is  inserted  into 
the  alloy  ;  the  two  wires  of  the  couple  being  insulated  from  each 
other  by  any  suitable  means,  except  at  the  junction.  The  protection 
from  the  alloy  is  effected  by  tubes,  closed  at  one  end,  made  of  any 
refractory  material,  which  is  impermeable  and  is  not  attacked  by 
the  liquid  bath,  such  as  porcelain,  fused  silica,  fireclay,  or  even 
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magnesia  in  the  case  of  metals  which  readily  form  silicates.  The 
insulation  is  effected  by  means  of  refractories  which  are  also 
insulators  ;  the  wires  may  be  wrapped  in  asbestos,  or  one  of  the 
wires  may  be  placed  in  a  small  tube  of  fireclay,  porcelain,  or  fused 
silica. 

2.  The  couples  must  be  frequently  calibrated  by  checking  or 
comparison  with  a  series  of  known  temperatures  :  boiling  points  of 
water,  ioo° ;  naphthaline,  218°  ;  sulphur,  444*6°  ;  melting  points  of 
tin,  231-8°;   antimony,  630°;   silver,  960*5°;  gold,  1063°.! 

3.  The  autographic  recording  apparatus  actually  in  use  consists 
of  a  mirror  galvanometer,  the  spot  of  light  from  which  is  received  on 
a  sensitive  photographic  plate  or  paper.  The  horizontal  deflections 
of  the  spot  of  light  are  proportional  to  the  temperature  and  the 
photographic  surface  is  moved  in  a  vertical  direction  at  uniform 
speed  by  clockwork.  Typical  forms  of  this  apparatus  are  those 
designed  by  Kournakow,  Coste,  Rengade,  etc. 

Variations  in  the  Method  of  Thermal  Analysis. — Instead  of 
plotting  cooling  curves  of  the  ordinary  type  which  are  simple  time- 
temperature  curves  t—f{z)  (^=: temperature  ;  2= time),  one  of  the 
several  derived  curves  may  be  plotted. 

1.  Osmond,  in  determining  the  critical  temperatures  of  iron  and 
steels,  constructed  cooling  curves  having  the  temperatures  as 
abscissae,  and  the  number  of  seconds  the  alloy  took  to  fall  through  a 
given  interval  of  temperature  as  ordinates.  This  curve  gives, 
within  limits,  the  inverse  of  the  rate  of  cooling  as  a  function  of  the 
temperature — inverse  rate  curve. 

2.  With  the  object  of  minimising  the  effects  due  to  possible 
irregularities  in  the  rate  of  heating  and  cooling,  especially  in  cases 
where  the  evolution  or  absorption  of  heat  at  the  critical  temperatures 
is  very  slight  (frequently  the  case  in  transformations  occurring  in 
the  solid  state),  Roberts  Austen  introduced  the  differential  method 
of  compensation. 

The  temperature  of  the  sample  under  examination  and  the 
difference  in  temperature  between  the  sample  and  a  neutral  body, 
placed  as  near  as  possible  to  the  sample,  are  measured  simultaneously. 
The  neutral  body  must  be  heated  and  cooled  under  identical  con- 
ditions to  the  sample  and  must  not  present  any  discontinuit}^  of 
thermal  properties  (transformation  points,  etc.)  within  the  range  to 
be  observed.  The  curve  is  plotted  showing  this  difference  of 
temperature  as  a  function  of  the  temperature  of  the  specimen  under 
examination.  Any  variation  of  the  internal  heat  of  the  specimen 
examined  alters  the  difference  of  temperature  between  the  specimens, 
and  appears  as  an  irregularity  on  the  curve.     This  method  can  only  be 

^  Translator's  note :  IMelting  points  of  lead,  327°;  zinc,  419°;  aluminium,  659°;  pure 
sodium  chloride,  800°  ;   copper  under  charcoal,  1084°. 
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conveniently  used  for  solid  alloys.  The  autographic  recording  of  such 
curves  has  been  accomplished  by  means  of  the  Saladin  double 
galvanometer,  which  has  been  successively  perfected  by  Le  Chatelier 
and  Broniewski.  This  method  may  be  made  completely  automatic 
as  described  by  one  of  the  authors.  1 

3.  Curves  showing  the  rate  of  cooling  as  a  function  of  the  tem- 
perature may  be  plotted  direct ;  to  do  this  the  rate  of  cooling 
at  any  instant  is  measured  by  means  of  Dej  can's  galvano-meter. 
By  combining  this  apparatus  with  the  double  galvanometer  the 
curves  may  be  autographically  recorded. 

It  is  not  possible,  in  the  present  instance,  to  consider  in 
detail  the  curves  plotted  by  these  various  methods,  and  reference 
should  be  made  to  one  of  the  many  text-books  of  thermal 
analysis.  2 

It  has  been  shown  that  it  is  possible  to  study  and  record  variations 
in  all  physical  properties,  as  functions  of  the  temperature,  for  any 
given  composition  and  to  note  the  irregularities  corresponding  to 
the  passage  through  the  lines  of  the  diagram.  Recourse  may  also 
be  made  to  the  variations  in  specific  density  (p.  63),  electrical 
resistance  (p.  59),  thermo-electric  power  (p.  62),  magnetic 
properties  (p.  65).  Later  it  will  be  shown  how  the  examination 
of  the  micro-structure  of  quenched  alloys  helps  to  complete  this 
information. 

Instead  of  taking  a  lixed  composition  and  examining  the 
variations  and  physical  properties  with  change  of  temperature,  in 
other  words,  examining  the  changes  occurring  along  a  vertical  line 
of  the  diagram  of  known  abscissae  value,  the  variation  in  the 
properties  of  alloys  of  different  concentrations  at  a  fixed  temperature 
ma}'  be  examined,  this  being  the  inverse  case  in  which  the  ordinate 
is  z  constant  and  the  abscissae  variable.  The  points  of  intersection 
between  the  horizontal  line  under  examination  and  the  lines  of  the 
diagram  are  marked  by  sharp  changes  in  the  direction  of  the  curve 
showing  variations  in  the  physical  properties  with  change  of 
composition  at  this  temperature.  ^ 

This  method  is  only  practically  applicable  when  the  temperature 
chosen  at  which  the  complete  series  of  experiments  can  be  made  is 

^  Portevin,  "  Notes  sur  le  galvanometre  differentiel  "  {Revue  de  Met.,  vol.  v.  p.  295, 
1908). 

^  Rengade,  Analyse  Thermique,  Paris,  Hachette,  1909.  Portevin,  "  La  methode 
d'analyse  thermique  du  professeur  Tammann  "  {Revue  de  Met.,  vol.  iv.  p.  797,  1907). 
"  Notes  snr  I'emploi  du  galvanometre  double  "  {Revue  de  Met.,  vol.  v.  p.  295,  1908). 
"  Remarques  sur  les  courbes  differentielles  derivees  "  {Revue  de  Met.,  vol.  vi.  p.  1358, 
1909). 

*  Tammann's  method  of  thermal  analysis,  based  on  the  stud}'  of  the  duration 
of  the  eutectic  arrest  in  each  alloy  of  the  series  as  a  function  of  the  composition 
is  indirectly  included  here  since  it  only  applies  to  isothermal  reactions,  namely,  the 
horizontal  lines  of  the  diagram  corresponding  to  the  simultaneous  existence  of  three 
phases. 
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the  atmospheric  temperature,  so  it  should  therefore  be  considered  as 
a  means  of  confirming  the  diagram  indicated  by  the  other  method, 
.and  as  the  final  confirmation  that  the  constitution  of  the  alloy,  in 
a  state  of  equilibrium  at  ordinary  temperatures,  is  as  indicated  by 
the  diagram  ;  this  verification  of  the  final  state  of  equilibrium  is 
extremely  important. 

The  examination  of  the  micro-structure  of  the  alloys  should 
always  be  carried  out ;  this  subject  will  be  considered  later,  when 
dealing  with  the  relation  between  the  diagram  and  microscopic 
constitution  of  the  alloys. 

The  relation  between  the  physical  properties  of  the  alloys  and 
the  equilibrium  diagrams  will  now  be  briefly  indicated  in  the  case 
of  alloys  in  chemical  equilibrium. 

It  must  be  borne  in  mind  that  the  diagrams  are  based  on 
observations  of  variations  in  the  physical  properties  of  the  alloys  in 
the  various  systems  occurring  either  with  change  of  temperature  or 
change  of  composition  (changes  occurring  along  vertical  or  horizontal 
lines  of  the  diagrams)  ;  consequently,  it  may  be  generally  stated 
that  the  physical  properties  of  alloys  may  be  studied  by  two 
methods  : — 

1.  By  examining  the  variations  in  the  physical  properties  of 
alloys  of  definite  composition  with  change  of  temperature. — No  further 
description  of  this  method  is  required,  as  it  has  been  fully  dealt  with 
in  describing  the  methods  employed  in  the  construction  of  the 
diagrams,  the  alloys  being  in  a  state  of  equilibrium.  It  will  be 
necessary  to  return  to  this  subject  when  dealing  with  alloys  that  are 
not  in  a  state  of  equilibrium  and  with  the  displacement  of  the 
critical  points. 

2.  By  examining  the  variations  in  the  physical  properties  of 
alloys  of  varying  compositions  at  a  constant  temperature,  generally 
atmospheric  temperature. — It  will  be  recalled  that  the  maximum 
number  of  phases  that  can  exist  in  an  alloy  of  two  metals  at  various 
temperatures  is  two  (Phase  Rule).  Consequently,  in  the  examina- 
tion of  a  series  of  alloys  of  increasing  richness  in  one  of  the  metals, 
ranges  of  composition  will  be  passed  through  having  alternatively 
one  or  two  phases,  and  the  region  containing  only  one  phase  may  be 
so  small  that  it  may  be  reduced  practically  to  a  point  (case  of  a 
compound  non-miscible  in  the  solid  state  at  ordinary  temperatures) . 
To  ensure  that  this  point  has  been  made  absolutely  clear,  the  three 
possible  cases  of  an  alloy  of  two  metals  A  and  B  will  again  be 
considered. 

(i)  Complete  miscibility  in  the  solid  state. — The  alloys  consist  of 
a  single  solid  solution,  the  concentration  of  which  is  the  same  as 
that  of  the  alloy. 

(2)  Complete  non-miscibility  in  the  solid  state. — The  alloys  consist 
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of  the  two  solid  phases  A  and  B  (unevenly  distributed  throughout 
the  mass),  and  the  relation  between  the  phases  ^  is  directly  pro- 
portional to  the  concentration  B  per  cent,  of  the  alloy. 

(3)  Partial  miscibility  in  the  solid  state. — Solid  solutions  are 
formed  in  the  regions  adjacent  to  the  pure  metals,  the  respective 
solid  solutions  being  a  rich  in  A  and  j8  rich  in  B  ;  between  these  two 
regions  will  be  a  third  consisting  of  the  two  phases  a^  and  ^j,  each  of 
fixed  composition,  a^  being  at  the  limit  of  saturation  in  the  metal  B 
and  ^i  at  the  limit  of  saturation  in  the  metal  A  at  ordinary  tempera- 
tures.    Thus,  there  will  be  three  regions  : — 

In  the  mixture  aj+^i,  the  relation  '^^  will  be  directly  proportional  to 

the  total  concentrations  of  the  alloy. 

In  the  case  of  an  intermediate  solid  solution  y,  there  will  exist 
in  succession  : 

a.     ct]  +71.     y,     ri  +  ^i.    ^ 

If  the  solid  solution  is  a  definite  compound 

a,       ai+C        (C),       C+Pi.       ^ 

in  this  case,  the  region  "  pure  C  "  is  reduced  to  a  point. 

Systems  of  this  type  may  be  considered,  for  the  purpose  of 
defining  their  equilibrium  constitutions  at  ordinary  temperatures, 
as  being  formed  successively  from  two  binary  systems,  the  first 
consisting  of  the  metal  A  and  the  compound  C,  the  second  of  the 
compound  C  and  the  metal  B.  These  two  sub-divisions  may  then 
be  classified  into  one  of  the  three  types  previously  described. 

Conductivity  and  Specific  Resistance. — With  the  object  of  avoiding 
complications  in  dealing  with  the  relationship  of  these  factors  to  the 
equilibrium  diagram,   the  specific  resistance  p  or  its  inverse,   the 

specific  conductivity  \;  —  -will  be  chosen  in  the  various  examples 

r 

described  ;  the  conversion  of  one  factor  to  the  other  can  be  easily 
made  when  required. 

I.  Variations  with  change  of  composition.  The  composition 
will  be  defined  as  the  percentage  by  volume  of  one  of  the  constituent 
metals,  B  for  example,  the  specific  conductivity  being  the  con- 
ductivity per  unit  volume.  The  following  laws  enunciated  by 
Le  Chatelier  have  been  completed  and  further  developed  by  Guertler 
and  by  Kournakow  and  Zemczuznyj. 

[a)  Complete  miscibility  of  the  two  metals  A  and  B  in  the  solid 
state. — The  curve  connecting  the  conductivity  with  the  composi- 
tion by  volume  takes  the  form  Type  I.  (Fig.  49).  There  is  a  rapid 
fall  in  the  conductivity  on  leaving  the  pure  metals  A  and  B,  and  the 
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B  by   vo/uMe  ■ 
Fig.  49. 


existence  of  a  point  of  minimum  conductivity  which  is  frequently 

very  low  compared  to   the  conductivities  of  the  pure  metals  A 

and  B. 

(b)  Complete   non-miscihility  of  the  two  metals  A   and  B  in  the 

solid  state. — In  this  case  of  a  simple  mixture  of  the  two  metals  A 

and  B,  the  conductivity  is  a 
linear  function  of  the  concen- 
tration (Type  IL  Fig.  49). 

(c)  Partial  miscihility  in  the 
solid  state. — ^The  form  of  the 
curve  can  be  deduced  from  the 
two  previous  examples  (Type 
III.).  The  curve  takes  the  form 
of  Type  I.  in  the  regions  of  the 
single  solid  solutions  a  and  ^ 
and  Type  II.  in  the  interme- 
diate area,  consisting  of  a  mix- 
ture of  the  saturated  solid  solu- 
tions ttj  and  ^i. 

The  well-defined  breaks  in 
the  curve  render  this  method 
very  valuable  for  finding  the 
limits  of  the  solid  solutions  a^  and  ^^  especially  where  the  composi- 
tions of  these  solid  solutions  approach  very  closely  the  compositions 
of  the  pure  metals,  as,  in  this  case,  thermal  analysis  gives  very 
unreliable  results. 

In  all  three  cases  considered  the  conductivity  is  always  less  than 

that  of  either  of  the  pure  metals. 

(d)  Case  of  a  definite  inter- 
mediate compound  C. — As  pre- 
viously stated,  in  this  instance 
it  is  more  convenient  to  consider 
the  alloys  in  two  series,  the  first, 
the  metal  A  and  the  compound 
C  ;  the  second,  the  compound  C 
and  the  metal  B.  In  each  series, 
according  to  the  mutual  solu- 
bility of  A  in  C  and  C  in  B,  the 
curves  will  be  of  one  of  the  three 
types  I.,  II.,  III. 

It  will  be  seen  that  when 
the  compound  C  is  miscible  in  the  sohd  state,  the  composition  of  the 
compound  is  very  well  defined  (Fig.  50).  This  fact  is  very  useful  for 
confirming  the  existence  of  a  solid  solution  and  for  determining  the 
composition  of   the  compound.      Further,  it  may  be   stated,  that 
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rarely  is   the  conductivity  of   an   alloy,  containing  a  compound, 
greater  than  that  of  either  of  the  constituent  metals. 

2.  Variations  with  Change  of  Temperature.  —  The  temperature 
coefficient  of  the  conductivity  between  o°  and  ioo°  C.  is  given  by  the 
expression  : 

loo  ^'  ~  ^"° 

Xo 

\o  and  xioo  being  the  specific  conductivities  at  o°  and  ioo°  C. 

Guertler  has  shown  that  the  variations  of  this  coefficient  wdth 
change  of  concentration  obey  the  same  laws  as  those  already 
enunciated  in  the  case  of  electrical  conductivity,  but  without  the 
respective  values  being  strictly  proportional  or  the  curves  identical. 
This  coefficient  may,  therefore,  be  used  in  a  similar  manner  to  the 
conductivity  for  the  verification  of  the  diagram,  but  offers  the  great 
advantage  that  it  is  independent  of  the  shape,  size,  and  various 
local  defects  (cracks,  flaws,  inclusions,  blow-holes,  etc.)  of  the  sample 
from  the  alloy. 

It  has  already  been  stated,  that  the  passage  through  the  various 
transformation  points  is  accompanied  by  very  rapid  changes  in 
the  conductivity  and  electrical  resistance  of  the  alloy  and  that 
these  changes  are  sufficiently  clearly  defined  to  enable  the  trans- 
formation temperatures  to  be  determined  by  this  means.  Trans- 
formations in  the  following  systems  have  been  determined  by  these 
methods  :  steels  (Boudouard),  brasses  (Le  Chatelier),  aluminium 
bronzes  (Le  Chatelier,  Barree,  Broniewske),  German  silver  and 
zinc  (Le  Chatelier). 

For  the  pure  metals  possessing  no  transformation  points,  the 
increase  of  resistance  with  temperature  is  proportional  to  the 
absolute  temperature  of  the  metal  [T  =^  t  -\-  273). i 

This  relation  does  not  hold  good  for  solid  solutions,  the  temperature 
coefficients  are  greatly  diminished.  Very  interesting  conclusions, 
from  an  industrial  standpoint,  may  be  drawn  from  the  relation 
between  the  electrical  conductivity  and  the  equilibrium  diagram. 

1.  Definite  compounds  being  of  no  practical  utility  owing  to 
their  brittleness  (this  matter  will  be  dealt  with  at  a  later  period), 
recourse  must  be  made  to  the  pure  metals  whenever  high  conductivity 
is  required.  The  metals  must  be  purified  with  great  care  in 
order  to  eliminate  the  last  traces  of  impurities — this  being  especially 
the  case  when  these  impurities  form  solid  solutions,  and  therefore 
greatly  reduce  the  conductivity  when  present. 

2.  Inversely,  whenever  alloys  of  high  resistance  or  possessing 
comparatively    constant    resistance    with    change    of    temperature 

^  Consequently,  all  the  pure  metals  have  the  same  temperature  coefficient,  the 
only  exceptions  being  iron,  nickel,  and  cobalt. 
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are  required,  those  consisting  of  solid  solutions  of  concentration 
giving  the  minimum  conductivity  should  be  selected,  as  in  Type  L 
Examples  :  Constantan  60  Cu  +  40  Ni,  cupro-manganese,  etc. 

THERMO-ELECTRICITY 

1.  Variations  with  Change  o£  Temperature. — ^The  curve  repre- 
senting the  thermo-electric  power  as  a  function  of  the  temperature 
may  take  one  of  the  following  forms  (Broniewski)  : 

(i)  In  the  case  of  a  solid  solution,  the  curve  takes  the  form  of 
a  section  of  an  hyperbola  with  the  concave  surface  towards  the 
top  or  bottom  of  the  diagram. 

(2)  In  the  case  of  a  mixture  of  two  phases  the  curve  is  practically 
a  straight  line.  The  curves  representing  the  thermo-electric  power 
are,  therefore,  analogous  to  the  conductivity  curves,  but  are  more 
complicated  ;  the  chief  difference  arises  from  the  fact  that  the 
thermo-electric  power  may  have  a  positive  or  negative  value,  whereas 
the  conductivity  is  always  positive.  It  is  owing  to  this  difference 
that  the  definite  compounds  forming  sohd  solutions  which,  in  the 
conductivity  curves,  are  represented  by  peaks  in  the  curve,  may 
be  represented  as  maxima  or  minima  in  the  thermo-electric  power 
curves  or  even  as  an  S-shaped  branch  marked  by  no  discontinuity. 

2.  Variations  with  Change  of  Composition. — The  curves  giving, 
as  a  function  of  the  volume  composition,  the  variations  of  the  thermo- 
electric power  with  change  of  temperature  are  similar  but  not 
identical  to  the  thermo-electric  power  curves,  as  the  branches  of  the 
curves  representing  solid  solutions  do  not  always  point  in  the 
same  direction  in  both  cases  (Broniewski) . 

The  discontinuity  of  the  thermo-electric  properties  at  the  trans- 
formation temperatures  has  been  utilised  to  determine  these  tem- 
peratures. Examples :  nickel  steels  (Boudouard),  aluminium- 
copper  alloys  (Broniewski). 

An  extremely  simple  method  of  utilising  the  thermo-electric 
properties  for  the  determination  of  the  transformation  points  is 
due  to  Le  Chatelier.  At  the  two  ends  of  a  small  cylinder  of  metal 
are  fixed  or  welded  the  ends  of  two  platinum  wires,  the  other  ends 
of  which  are  connected  to  a  galvanometer.  Owing  to  the  unequal 
heating  of  the  specimen,  one  end  of  the  cylinder  commences  to 
transform  before  the  other  end,  the  point  or  area  of  contact  between 
the  two  varieties  of  the  metal  constituting  a  true  thermo-electric 
junction  which  gives  rise  to  an  E.M.F.  This  fact,  combined  with  the 
variation  in  resistance  of  the  mass,  causes  a  deflection  of  the  gal- 
vanometer and  determines  the  temperature  of  transformation. 

Inversely,  the  passage  from  the  solid  to  the  liquid  state  may  not 
be  accompanied  by  any  change  in  the  thermo-electric  power. 
Example  :    lead,  tin  (Cermak  and  Schmidt). 
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ELECTROLYTIC  POTENTIAL 

The  electrolytic  potential  is  the  E.j\LF.  produced  in  an  alloy 
of  two  metals,  A  and  B,  when  placed  in  a  cell  made  up  as  follows  : 

alloy /electrolyte/metal  A 

the  electrolyte  being  a  solution  containing  the  ion  A,  or  in  other 
words,  a  salt  of  the  metal  A. 

I.  Variations  with  Change  of  Composition. — (a)  A  single  phase  : 
the  E.M.F.  varies  regularly  as  a  function  of  the  composition  and  is 
therefore  represented  by  a  curve. 

(b)  Mixture  of  two  phases  :  the  E.M.F.,  remains  constant  and 
equal  to  that  of  one  of  the  phases  ;  it  is  represented  by  an  horizontal 
line  with  a  rapid  change  in  direction  at  one  end  when  it  joins  the 
E.M.F.  curve  of  the  other  phase.  It  is  obvious  that  the  E.M.F. 
method  of  investigation  gives  a  sharp  change  in  direction  of  the  curve 
in  the  case  of  a  compound  which  is  not  soluble,  whilst  the  electric 
conductivity  and  thermo-electric  power  curves  clearly  indicate 
definite  compounds  forming  solid  solutions.  The  two  methods 
together,  therefore,  complete  the  information  regarding  the  com- 
pounds existing  in  a  system. 

It  must  be  stated  that  the  electrolytic  potential  is  not  solely 
dependent  on  the  alloy  examined,  but  depends  also  on  the  nature 
and  composition  of  the  cell  (electrolyte  and  less  positive  metal 
employed  as  the  other  element  of  the  cell)  and  the  duration  of  the 
experiment.  Its  measurement  is,  therefore,  less  accurate  than  the 
measurements  of  the  other  electrical  properties. 

2.  Variation  with  Change  of  Temperature. — The  variation  of 
electrolytic  potential  with  change  of  temperature  has  received  very 
little  consideration  in  the  case  of  alloys.  It  was  by  this  method  that 
the  equilibrium  temperature  for  the  transformation  of  white  tin 
to  grey  tin  was  determined  (Cohen).  If  the  two  modifications 
are  taken  as  electrodes  in  an  electrolyte  of  stannous  chloride,  the 
E.M.F.  is  reduced  to  zero  at  the  transformation  temperature. 

EXPANSION,  CONTRACTION,  SPECIFIC  GRAVITY  AND  DENSITY 

The  expansion  and  density  will  be  considered  together  ;  the  co- 
efficient of  cubical  expansion  being  known,  the  variations  per  unit 
length  and  volume  are  known,  and  therefore  the  specific  gravity  and 
density.  Contraction  is  merely  a  special  case  of  a  change  in 
volume. 

These  factors  being  functions  of  each  other,  the  most  convenient 
factor  will  be  chosen  for  each  experiment ;  the  expansion  will  be 
measured  when  the  temperature  is  the  variable  ;  the  specific  gravity 
or  density  will  be  taken  when  the  composition  is  the  variable. 
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I.  Variations  with  Change  in  Temperature. — As  already  stated, 
the  study  of  the  variation  in  volume  of  an  alloy  lends  itself  very 
readily  to  the  determination  of  the  transformation  temperatures. 
This  method  possesses  advantages  as  compared  with  the  cooling 
curve  method  since  the  rate  of  cooling  has  no  effect  on  the  accuracy 
or  sensitivity  of  the  observations ;  also,  the  changes  occurring 
over  very  small  ranges  of  temperature  can  be  examined,  and  there- 
fore it  is  possible  to  make  observations  at  temperatures  as  close 
as  possible  to  the  transformation  temperatures.  This  advantage, 
however,  is  not  solely  confined  to  the  expansion  method. 

The  expansion  or  change  in  volume  method  has  been  used  with 
success  for  the  determination  of  the  transformation  points  in  steels, 
especially  when  the  changes  occur  at  low  temperatures. 

The  changes  in  volume  occurring  during  solidification  vary 
considerably  in  different  cases.  In  the  case  of  the  pure  metals  there 
is  usually  a  contraction  on  passing  from  the  liquid  to  the  solid  state. 
However,  with  certain  metals  such  as  bismuth,  antimony,  calcium, 
expansion  occurs.  This  is  also  the  case,  according  to  Turner  and 
Murray,  with  zinc  and  aluminium.  According  to  the  same  authors 
the  maximum  and  minimum  expansion,  in  the  copper-zinc  series, 
corresponds  respectively  to  the  maximum  and  minimum  distances 
existing  between  the  solidus  and  liquidus  shown  in  the  equilibrium 
diagram.  On  the  other  hand,  Ewen  and  Turner  have  found  the 
maximum  expansion  to  correspond  to  the  pure  eutectic  in  the  cases 
of  the  lead-antimony  and  aluminium-zinc  series. 

With  pure  metals  Carnilley  states  that  the  coefficient  of  expan- 
sion increases  as  the  melting  point  of  the  metal  decreases,  and 
according  to  Broniewski  the  following  equation  : 

—  constant 


I 


F-l-T 


is  applicable  in  the  case  of  the  non-atomic  metals  (a^  =  coefficient 
of  cubical  expansion,  F  =  melting  point,  absolute  temperature  ; 
T  =  temperature  of  the  metal,  absolute) . 

On  passing  through  a  transformation  point  in  the  diagram,  the 
accompanying  change  in  volume  of  different  alloys  indicates  the 
amount  of  the  respective  phases  present  in  a  similar  manner 
to  the  varying  arrest  times  with  the  cooling  curves.  The  trans- 
formation, on  heating,  may  be  accompanied  by  a  distinct  con- 
traction or  an  arrest  in  the  expansion  ;  the  very  low  coefficient 
of  expansion  of  certain  alloys  at  ordinary  temperatures  {e.g.  Invar) 
is  explained  in  this  manner. 

2.  Variation  with  Change  of  Composition.— The  change  in  volume 
is  found  from  the  alteration  in  specific  gravity  or  density  of  the  alloy. 
In  the  case  of  a  mixture  of  two  constituents,  the  specific  gravity 
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varies  directly  as  a  function  of  the  composition,  and  may  therefore 
be  easily  calculated.  In  the  case  of  a  solid  solution  the  specific 
gravity,  as  a  function  of  the  composition,  is  represented  by  a  curve,  the 
curvature  of  which  is  very  slight  and  may  be  frequently  neglected — 
the  curve  being  taken  as  a  straight  line  and  the  previous  case  applied. 
Sharp  changes  of  direction  in  these  curves  only  occur  in  the  case 
of  definite  compounds,  the  formation  of  which  is  accompanied  by 
definite  changes  in  volume.  (Example  :  FeSb,  CugSn.)  Maey 
has  identified  four  definite  compounds  in  the  sodium-amalgam 
series  by  the  observation  of  the  specific  gravity  composition  curves. 
Frilley  has  investigated  the  variations  in  specific  gravity  of  the 
alloys  of  silicon  with  manganese,  chromium,  nickel,  iron,  tungsten, 
copper,  and  the  alloys  of  the  copper-aluminium,  copper-cadmium, 
mercury-cadmium,  and  copper-tin  series.  He  found  a  series  of 
1  ines  with  points  of  intersection  indicating  definite  compounds. 

Inversely,  the  density  curve  is  formed  of  segments  of  hyperbolas 
forming  tangents  to  each  other  in  the  case  of  rapid  changes  in  volume. 

The  breaks  in  the  composition-specific  gravity  curves  are  often 
so  small  that  they  are  imperceptible  ;  moreover,  there  are  sometimes 
maxima  or  minima  which  do  not  correspond  to  definite  compounds 
(silver-tin,  lead-bismuth  series).  The  specific  gravity  and  density 
are  constants  which  present  great  difficulties  in  their  accurate 
determination  owing  to  the  effect  of  cavities,  inclusions,  flaws, 
or  work  hardness  in  the  cases  where  filings  or  turnings  are  used. 


MAGNETIC    PROPERTIES 

The  detailed  description  of  the  examination  of  the  magnetic 
properties  of  alloys  is  too  complicated  to  be  dealt  with  in  this  work  ; 
these  properties  are  greatly  affected  by  various  mechanical  opera- 
tions, hammering,  vibration,  shock,  bending,  etc.,  and  will  be  very 
briefly  considered. 

I.  Effect  of  Variations  in  Composition. — The  following  metals 
and  alloys  are  strongly  magnetic  or  so-called  ferro-magnetic  :  iron, 
nickel,  and  cobalt,  and  certain  alloys,  investigated  by  Heusler, 
composed  of  slightly  magnetic  elements.  The  latter  alloys  consist 
of  the  slightly  magnetic  alloys  of  copper  and  manganese,  to  which 
have  been  added  various  elements  such  as  Al,  Sn,  Sb,  Bi  and  even 
As  and  Bo  ;  the  aUoys  exhibiting  the  strongest  magnetic  properties 
have  the  general  formula  AlvMnj.Cusv-y. 

The  binary  compounds  formed  by  ferro-magnetic  metals  with 
other  metals  are  nearly  all  magnetic.  ^  In  the  case  of  solid  solutions 
formed  by  ferro-magnetic  metals  with  other  metals,  those  rich  in 

^  Inversely,  the  compounds  of  ferro-magnetic  metals  with  certain  metalloids 
are  non-magnetic.     Examples:   CojAs,,,  Fe,?,  Fe^P,  Fe.,S,  Fe^Oj.     (Honda.) 

F 
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the  ferro-magnetic  metal  are  usually  magnetic,  and  those  rich  in 
the  other  metals  are  usually  non-magnetic. 

The  ferro-magnetic  metals,  iron,  nickel,  and  cobalt,  exist  in  the 
non-magnetic  state  at  high  temperatures ;  the  magnetic  trans- 
formation temperature  of  any  of  the  three  metals  is  lowered  by  the 
addition  of  either  or  both  of  the  remaining  metals.  The  alloys  of 
these  metals  may  be  magnetic  or  non-magnetic  according  to  whether 
one  or  more  of  the  metals  is  present  in  the  magnetic  state,  or  both 
are  present  in  the  non-magnetic  condition.  The  investigation  of 
the  iron-nickel,  nickel-cobalt,  cobalt-iron  alloys  by  Weiss  has  indi- 
cated the  existence  of  the  compounds  Fe2Ni  and  FcqCo,  by  the 
discontinuity,  observed  in  the  variations  of  Curie's  constant,  at 
concentrations  corresponding  to  these  compounds,  i  The  investi- 
gation of  the  slightly  magnetic  alloys,  antimony-silver,  lead- tin, 
zinc-aluminum,  by  E.  L.  Dupuy,^  has  shown  that  the  magnetic 
properties  vary  directly  with  the  composition  in  the  case  of  a  simple 
mixture  of  the  two  constituents  ;  definite  compounds  behave  as 
bodies  possessing  definite  magnetic  properties  of  their  own  ;  while 
the  variations  in  magnetic  properties  in  the  case  of  solid  solutions 
may  be  represented  by  a  curve. 

2.  Effect  of  Change  of  Temperature. — In  the  case  of  the  ferro- 
magnetic metals,  certain  transformations  are  accompanied  by  a 
sudden  loss  of  magnetic  properties,  indicating  magnetic  transformation 
temperatures  ;  with  iron,  this  change  is  progressive,  and  is  known 
as  the  A2  point ;  with  nickel  it  occurs  about  320°  and  with  cobalt 
about  1080°.  In  the  magnetic  alloys  of  these  three  metals,  the 
magnetic  transformation  temperature  varies  with  the  composition 
according  to  the  transformation  line  of  the  equilibrium  diagram 
(examples  :  iron-carbon,  iron-nickel) .  With  steels,  the  magnetic 
properties  again  offer  an  accurate  and  easy  method  of  determining 
the  transformation  temperatures.  The  magnetic  properties  of 
Heusler's  magnetic  compound  alloys  disappear  between  60°  and 
350°,  according  to  the  composition  of  the  alloy;  the  effect  of  tem- 
perature in  this  instance  is  extremely  complex. 

Other  physical  properties  of  alloys  could  be  equally  well  studied 
either  independently  or  as  functions  of  those  already  investigated, 
such  as  the  heat  of  formation,  the  specific  heat,  thermal  conductivity, 
optical  properties,  sonorous  properties,  heat  of  solution,  etc. ; 
but  the  relation  between  these  properties  and  the  equilibrium 
diagram  has  either  been  very  little  studied  or  has  given  unreliable 
information.     The    connection    between    the    equilibrium    diagram 

^  Curie's  Law  :  If  9  is  the  magnetic  transformation  temperature  (disappearance 
of  magnetic  properties),  the  coefficient  of  magnetism  x  above  6  is  given  as  a  function 
of  the  absolute  temperature  T  by  the  equation  9  =  x(T  —  C),  where  C  =  Curie's 
constant. 

2  C.  R..  vol.  158,  p.  793,  1914. 
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and  the  micro-structure  of  the  alloys  will  now  be  described  and  also 
the  relation  to  the  physical  properties  of  the  alloys.  It  will  be 
remembered  that,  in  dealing  with  the  equilibrium  diagrams,  only 
alloys  in  a  state  of  equilibrium  were  considered  ;  therefore,  it  will 
be  possible  to  examine  only  those  alloys  in  equilibrium  at  ordinary 
temperature — the  examination  at  higher  temperatures  has  been 
attempted  in  a  few  isolated  cases,  but  it  is  accompanied  by  great 
experimental  difficulties  as  it  is  necessary  to  work  in  vacuo  to  protect 
the  surface  of  the  specimen  from  oxidation  (Oberhoff er) , 

RELATION  BETWEEN  THE  MICRO-STRUCTURE  AND   THE 
EQUILIBRIUM  DIAGRAM 

Physical  Constitution  of  Alloys  in  Chemical  Equilibrium 

It  has  been  shown  that  the  construction  of  the  equilibrium 
diagram  has  completely  solved  the  problem,  mentioned  at  the  com- 
mencement of  this  chapter,  in  those  cases  where  physico-chemical 
equilibrium  is  attained,  i.e.,  the  determination  of  the  chemical  com- 
position of  the  constituents  of  an  alloy  which  are  seen  by  microscopical 
examination.  It  has  been  found  that,  at  ordinary  temperatures, 
all  the  particles  may  belong  either  to  one  phase  and  have  the  same 
chemical  composition,  which  will  be  in  this  case  the  percentage 
composition  of  the  alloy,  or  belong  to  two  phases  of  definite  chemical 
composition — the  proportion  of  each  phase  present  being  known. 
The  microscopical  constitution  of  these  two  cases  will  be  considered 
in  this  order.  On  the  other  hand,  the  equilibrium  diagram  supplies 
no  information  as  to  the  structure  of  the  phase,  or  any  part  of  the 
phase  ;  neither  does  it  give  any  conception  as  to  the  form,  size,  and 
distribution  of  the  particles  in  the  case  of  a  mixture  of  two  phases  ; 
this  information  will  be  supplied  by  microscopical  examination. 

A.  Case  of  a  Single  Phase  (Pure  Metal,  Homogeneous  Solid 
Solution,  Pure  Compound) 

If  a  polished  specimen  is  etched  with  a  suitable  reagent,  and 
examined  under  the  microscope,  there  will  be  seen  a  network  of 
lines  dividing  the  surface  into  a  number  of  approximately  polygonal 
grains  (Fig.  51,  PI.  III.,  p.  68).  If  the  etchant  operates  by  dissolving 
the  metal,  on  further  etching  certain  grains  wiU  be  found  to  dissolve 
more  readily  than  others,  indicating  varying  solubility  in  the  re- 
agent (Figs.  55-58,  PI.  IV.,  p.  69)  ;  by  this  treatment  there  are  formed 
a  number  of  facets  of  varying  brilliancy,  according  to  the  direction 
of  the  light  reflected  by  the  surfaces.  On  continuing  the  etching 
or  by  using  other  reagents,  these  facets  are  corroded,  and  give  place 
to  a  large  number  of  small  geometric  figures  which,  on  any  one 
iacet,  are  all  identical  in  shape,  these  are  known  as  etching  pits 
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or  etching  figures ,  and  are  identical  to  those  found  on  the  faces  or 
sections  of  crystals  ;  these  etching  figures  are  visible  under  high 
magnification  (Fig.  53,  PI.  III.) .  If  the  reagent  operates  by  oxidation, 
forming  films  on  the  polished  surface  of  the  specimen  of  varying 
colour  according  to  their  thickness,  the  coloration  of  the  various  grains 
will  be  different  (Fig.  52,  PL  III.  ;  Fig.  59,  PI.  IV. ;  Figs.  67-71,  PL  VI., 
p.  72)  ;    indicating  different  rates  of  oxidation  of  the  various  grains. 

Each  facet  represents  a  section  through  a  crystal  or  "  grain  " 
in  the  plane  of  the  polished  surface  ;  these  grains  are  of  identical 
chemical  composition,  since,  by  hypothesis,  they  belong  to  a  single 
phase.  Each  grain  is  a  crystal,  in  other  words,  a  homogeneous 
mass  of  crystallised  matter  having  its  own  orientation.  A  crystal 
is  anisotropic,  in  other  words,  its  properties  vary  in  different  directions 
but  are  the  same  in  any  given  direction  in  aU  cases  ;  therefore,  the 
mass  of  crystal  grains  of  varying  orientation,  when  cut  through  a 
single  plane,  as  in  the  case  of  a  polished  surface,  exhibit  surfaces 
having  varying  properties  which  consequently  behave  differently 
when  subjected  to  chemical  attack. 

Other  properties  peculiar  to  crystallised  material  will  also  be 
noted,  such  as  twinning  and  cleavages  due  to  deformation.  Thus,  if 
an  aUoy  partially  polished  is  subjected  to  a  slight  deformation,  fine 
lines  known  as  slip  bands  will  appear  on  the  polished  surface.  These 
slip  bands  will  be  parallel  and  equi-distant  from  one  another  in  any 
single  grain,  but  will  vary  in  direction  in  different  grains  (Fig.  54, 
PL  III.) .  Again,  certain  grains  are  often  crossed  by  straight,  parallel- 
sided  bands  of  a  different  colour,  brilliance,  or  appearance  to  the 
remainder  of  the  grain,  indicating  the  presence  of  twinning.  Finally, 
any  investigation  to  discover  the  commencement  of  fracture  in  a 
grain,  often  shows  this  rupture  to  occur  across  the  grains  by  a  series 
of  plane  surfaces.  These  surfaces  correspond  to  cleavage  planes  of 
crystals,  thus  revealing  a  discontinuous  vectorial  property  charac- 
teristic of  crystallised  matter.  It  has  been  found  possible  to  per- 
form all  the  above  experiments  with  metals  or  alloys  having  very 
large  grains  and  from  which  it  has  been  able  to  isolate  individual 
grains  ;  but,  in  general,  these  grains  are  of  very  small  dimensions 
and,  in  the  mass,  the  inequalities  of  the  various  properties  are  exactly 
compensated  by  the  varying  orientation  of  the  different  grains. 
The  mass  may  therefore  be  considered  as  isotropic. 

The  origin  of  these  grains  must  now  be  considered.  The  solidi- 
fication of  a  single  phase  will  be  chosen  as  an  illustration.  The 
commencement  of  crystallisation  will  be  described,  after  which  the 
changes  that  occur  before  passing  into  another  equilibrium  region 
will  be  dealt  with,  and  finally  those  changes  brought  about  by  trans- 
formations without  chemical  modification  or  the  formation  of  two 
phases. 


III. 


DIFFERENTIATION    BETWEEN  CRYSTALS  OF   THE    SAME   PHASE. 
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Pig.  51. — Electrolytic  iron  (annealed). 
Etchant :  Benedicks'  reagent. 
( X  300.) 


Fig.  52. — Arsenical  copper. 

Etchant :  Ammonia. 

( X  200.) 
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Fig.  53. — Etching  figures  on  a  single 

crystal  face  of  iron. 

etchant:  Copper  ammonium  chloride,     (x  580.) 


Fig.  54. — Copper  tin  alloy  5i°o  Sn, 
showing  slip-bands. 

(x  200.) 


PI.  IV. 
UNEQUAL   SOLUBILITY  OF    DIFFERENT   FACES   OF   SIMILAR   CRYSTALS. 

Progressive  etching  of  electrolytic  copper  with  nitric  acid. 

Figs.  55-58. — Same  field  of  view  iu  each  case. 
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Fig.  58. 


Fig.  59. — The  samu  ticki  eicliod  with  acid  ferric  chloride. 
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Solidification  of  a  Single  Phase — Crystal  Grains. — ^At  the  com- 
mencement of  solidification  there  are  formed  in  the  hquid  small  crys- 
tals of  varying  orientation  or  centres  of  crystallisation  which  develop 
as  fast  as  the  solidification  proceeds.     The  development  may  take 

place  by  the  growth  of  the  plane 
faces  of  each  crystal  in  the  case  of 


Fig. 


60. — Outline  of  dendrite 
(Tschernoff). 


Fig.  61. — Crystallite  of 
cast-iron  (Grignon,  1775). 


definite  chemical  compounds  or  metallic  compounds  ;  on  the  other 
hand,  with  pure  metals  and  solid  solutions  the  development  nearly 
always  occurs  along  the  axes  of  an  octahedron  1  forming  tree-like 
structures  known  as  crystallites  or  dendrites,  the  intermediate  branches 
of  which  continue  to  increase  in  number  until  they  fill  the  spaces 
between  the  main  axes  first  formed.  Figs.  60  and  61  illustrate 
the  general  outline  of  such  a  crystal 
which,  if  allowed  to  develop  freely  and 
at  the  same  speed  in  all  directions,  would 
finally  take  the  form  of  an  octahedron. 
If,  during  solidification,  the  residual  liquid 
is  poured  off  to  leave  a  network  of  crys- 
talline material,  or  if  the  mass  contracts 
owing  to  the  contraction  occurring  during 
solidification,  these  dendritic  crystals  will 
be  preserved  and  may  be  examined  by 
fracturing  the  solidified  metal.  The 
classic  examples  described  by  Tschernoff 
(Fig.  63,  PI.  v.,  p.  72)  and  Osmond  were  obtained  in  this  manner. 
Dendrites  are  found  in  microscopical  sections  particularly  in  the  cases 
of  non-homogeneity  of  solid  solutions  or  when  two  phases  are  present, 
both  of  which  will  be  considered  later. 

The  crystallites  in  the  cases  of  pure  metals  and  solid  solutions 
continue  to  grow  until  finally  all  the  liquid  disappears  ;  each  crystal- 
lite is  limited  in  its  growth  by  the  adjoining  crystallite,  and  the 
grains  formed  are,  therefore,  allotriomorphic  crystals.     The  growth 

^  Most  metals  crystallise  in  the  cubic  system,  the  directions  of  the  dendritic 
branches  being  the  quaternary  axes  of  the  cube. 


Fig.  62. — Crystallisation 
from  centres  (Desch). 


70  METALLOGRAPHY 

in  different  directions  is  very  variable  in  these  dendrites,  and 
consequently  the  grains  which  they  form  are  rarely  equiaxial. 

During  the  solidification  of  a  metal  in  ingot  form,  crystal  grains 
are  first  formed  on  the  surface  of  the  ingot,  and  crystallisation  spreads 
from  this  surface ;  but  lateral  development  is  hindered  by  the 
adjacent  grains,  and  the  outer  skin  of  the  ingot,  therefore,  consists  of 
parallel-sided  grains  elongated  towards  the  centre  of  the  ingot.  This 
basaltic  structure  occurs  in  all  chill-cast  alloys  to  a  varying  depth, 
dependent  on  the  composition  of  the  alloy  and  the  conditions  of 
coohng  (Figs.  64,  65,  PI.  V.,  p.  72). 

The  number  of  grains  in  any  given  volume  of  an  alloy  depends 
on  the  number  of  centres  of  crystallisation  formed  during  solidifica- 
tion. According  to  Tammann,  the  speed  of  spontaneous  formation 
of  centres  of  crystallisation  (increase  in  the  number  of  centres  of 
crystallisation  per  unit  of  time  per  unit  of  mass),  very  low  at  the 
melting  point,  slowly  increases  as  the  temperature  falls,  whereas 
the  linear  speed  of  crystallisation  from  these  centres  is  at  a 
maximum  at  the  melting  point.  Therefore,  the  number  of  grains 
increases  as  the  speed  of  solidification  increases,  and  large  primary 
grains  may  be  obtained  by  very  slow  solidification  of  the  allo3^i 

Other  conditions  being  constant,  the  number  of  grains  in  an 
alloy  is  also  dependent  on  its  chemical  composition,  small  quantities 
of  foreign  substances  in  particular  being  able  to  alter  completely 
the  number  and,  consequently,  the  size  of  the  crystal  grains  of  an 
alloy  under  given  conditions.  After  solidification,  the  alloy  is 
found  to  consist  of  a  number  of  grains  possessing  no  regular  geo- 
metric form  and  each  corresponding  to  an  individual  dendrite,  and 
therefore  possessing  a  constant  crystalline  orientation  within  the 
grain — the  conditions  of  solidification  having  an  influence  on  both 
the  number  and  the  distribution  of  these  grains.  2 

Owing  to  the  intermeshing  of  the  dendrites  in  the  partially 
liquid  state,  the  outlines  of  the  dendritic  structures  in  the  solid 
alloy  frequently  present  a  very  irregular  and  jagged  appearance. 
These  joints  or  crystal  edges,  therefore,  have  no  relation  to  the  crystal- 
line form  of  the  phase  considered. 

^  By  this  method  one  of  the  authors  has  been  able  to  obtain  grains  sufficiently 
large  to  enable  compression  test-pieces  to  be  made  of  a  single  grain. 

*  It  is  necessary  to  mention  that  the  formation  of  dendrites  may  be  facilitated 
by  the  addition  of  certain  viscous  substances  or  colloids  to  salts  which  ordinarily 
crystallise  as  regular  crystals  bounded  by  plane  faces.  Bowman,  in  this  manner, 
has  obtained  all  the  intermediate  forms  between  the  ordinary  crystals  and  the  tree- 
like and  radiating  structures.  By  assuming  an  analog}'  in  the  case  of  metals,  it  is 
possible  to  imagine  that  the  addition  of  even  a  small  quantity  of  some  foreign  metal 
may  cause  the  texture  of  the  alloy  to  change  from  a  crystalline  to  a  fibrous  character. 
The  conditions  of  cooling  also  exert  an  influence  on  the  crystalline  texture :  Osmond 
and  Cartaud  have  shown  that,  by  slow  cooling,  a  solution  of  chrome  alum  will 
deposit  violet  octahedra,  whereas,  by  rapid  cooling,  crystallites  in  the  cubic  system 
are  formed  ;  they  have  obtained  these  two  forms  simultaneously,  side  by  side,  in  the 
same  solution. 
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It  is  now  possible  to  define  the  crystalline  structure  due  to 
primary  crystallisation,  this  being  the  structure  of  all  single  phases 
after  solidification.  It  has  been  shown  that  the  conditions  of  cooling 
affect  the  size  and  even  the  orientation  (outside  skin  of  chill-cast 
alloys)  of  the  grains  as  well  as  the  chemical  constitution  of  the  solid 
solution. 

Numerous  causes  tend  to  modify  or  destroy  this  structure. 
Obviously  the  passage  through  a  transformation  line,  which,  in  the 
case  of  solid  solutions,  indicates  the  formation  of  two  phases,  and 
with  pure  metals  and  compounds  corresponds  to  the  formation  of 
a  polymorphic  modification,  will  both  have  this  effect ;  but  even 
without  passing  through  any  line  of  the  equilibrium  diagram  and 
by  merely  remaining  in  the  equilibrium  area  of  the  phase  considered, 
the  grains  are  modified  by  continued  annealing,  deformation,  and 
by  annealing  after  deformation.  These  respective  cases  will  now 
be  considered. 

Modifications  in  the  Structure  of  a  Single  Phase 

Annealing. — By  annealing  is  understood  all  heating  of  the 
specimen  in  the  equilibrium  area  of  its  existing  phase.  This 
annealing  causes  the  grains  of  the  phase  to  grow  in  size  ;  conse- 
quently, there  is  a  diminution  in  the  total  number  of  grains — the 
small  grains  disappearing  at  the  expense  of  the  larger  grains.  This 
growth,  in  general,  increases  with  rise  of  temperature  (Figs.  66-71, 
PI.  VI.  and  Fig.  72,  PI.  VII.,  p.  72)  ;  the  growth  also  depends  on  the 
amount  of  previous  cold- work  to  which  the  alloy  has  been  subjected. 

Cold-work  and  annealing  subsequent  to  cold-working. — By  cold-work 
is  understood  the  operation  of  permanently  deforming  metals  and 
aUoys  and  thereby  causing  certain  modifications  in  their  properties 
due  to  internal  strains  within  the  material. 

The  effect  of  cold-work  produced  by  any  given  deformation 
diminishes  as  the  temperature  is  raised  to  that  at  which  the  deforma- 
tion was  effected.  Cold-work  deforms,  changes  the  orientation, 
splits  up,  and  finally  destroys  the  crystal  grains  ;  it  may  also 
destroy  the  crystalline  network  of  the  grains.  The  polyhedral 
structure  may  be  destroyed  by  continued  cold-work. 

Annealing  causes  the  recrystallisation  of  the  mass.  This  re- 
crystallisation  increases  with  increase  of  temperature  and  time.i 
The  temperature  at  the  commencement  of  recrystallization  is 
lower  as  the  amount  of  previous  cold-work  is  greater.  With  certain 
metals  (lead,  tin,  cadmium,  zinc)  recrystallisation  has  been  observed 
to  take  place  at  ordinary  temperatures  (Fig.  73,  PI.  VII.,  p.  72). 

^  This  recrystallisation  is  sometimes  termed  secondary  crystallisation  to  dis- 
tinguish it  from  crystallisation  occurring  during  solidification,  known  as  primary 
crystallisation. 
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According  to  certain  authorities  (Ewing  and  Rosenhain) ,  previous 
deformation  is  essential  if  recrystallisation  is  to  occur  on  annealing  ; 
but  it  must  not  be  overlooked,  in  considering  this  theory,  that  it  is 
extremely  difficult  to  avoid  all  deformation  in  a  solid  metal.  Nearly 
all  industrial  metals  are  worked,  forged,  etc. ,  after  casting  ;  more- 
over, internal  stresses  and  deformation  are  produced  in  cast  metals 
by  the  contractions,  etc.,  which  occur  during  cooling ;  finally, 
cold-work  is  done  on  the  specimen  during  its  preparation  by  sawing, 
filing,  etc. 

As  shown  later,  quenching  produces  a  similar  effect  to  cold- 
work. 

It  is  important  to  remember  that  the  recrystallisation  becomes 
greater  as  the  cold-work  or  strain  is  more  severe,  and  that  the 
minimum  annealing  temperature  is  then  higher  and  the  time  of 
anneal  more  prolonged. 

Annealing  after  local  deformation. — Charpy  and  Sauveur  have 
shown,  in  the  case  of  mild  steel,  that  after  local  work  (produced,  for 
example,  by  a  Brinell  hardness  test)  an  annealing  about  650°  C. 
causes  considerable  recrystallisation,  the  growth  being  at  a  maximum 
in  the  grains  forming  a  ring  round  the  impression  of  the  ball  (Fig.  75, 
PI.  VIL).  According  to  Sauveur,  the  growth  is  at  a  maximum  when 
the  deformation  has  been  caused  by  a  stress  slightly  in  excess  of  the 
elastic  limit  of  the  material. 

The  investigation  of  bent  and  re-flattened  sheets  shows  the 
growth  to  commence  at  the  beginning  of  the  bend,  and  also  the 
existence  of  an  area  consisting  of  exceptionally  large  grains 
(Humphrey,  Robin). 

Inversely,  deformation  of  large  grains  followed  by  annealing 
will  refine  the  structure  into  small  grains  (Portevin,  Tinofeef) 
(Fig.  74,  PL  VIL). 

Effect  of  a  Polymorphic  Transformation  in  a  Metal  or  Definite  Compound. 
— In  the  present  instance  only  a  single  phase  is  being  considered. 
Therefore,  in  dealing  with  polymorphic  transformations  only  pure 
metals  or  definite  compounds  can  be  considered,  as  with  solid 
solutions  there  exists  an  area  consisting  'of  two  phases  between 
the  commencement  and  completion  of  the  transformation  {see  p.  49) . 
This  case  will  be  considered  in  due  course  {see  p.  76). 

When  a  polymorphic  transformation  occurs  in  a  pure  metal  or 
definite  compound,  a  single  phase,  a,  exists  before  the  transformation, 
and  a  single  phase,  ^,  after  the  transformation ;  the  only  structural 
evidence  of  the  change  is  a  crystalline  modification  of  the  grains. 

Two  cases  are  possible  : — 

I.  After  transformation,  the  grains  are  found  to  be  of  the  same 
size ;  the  grains  of  the  new  form  j8  being  to  all  appearances  similar  to 
those  of  the  a  variety.     This  is  known  as  a  direct  transformation. 
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DENDRITES    AND    CRYSTALS. 


Brass  :  58  "„  Cu. 

Macrographic  sections  of  ingots  as  cast. 

Etchant :  Acid  ferric  chloride. 
(XI.) 


Fig.  64. — Sand  cast. 


Fig.  63. — Iron  crystalite.     (Tchbhxoff.) 
(xi.) 


Fig.  65.— ChiU  cast. 


PI.  VI. 


GROWTH   OF   CRYSTAL   GRAINS   IN   A   SINGLE   PHASE. 

Figs.  G6-73. — The  annealing  of  cold  worked  zinc.     (Timob^kkf.) 


Fig.  66. — Cold  worked  in  a  press. 


Fig.  67. — Annealed  for  6  hours  at  65"  C. 


Fig.  68.— Annealed  for  6  hours  at  100"  C. 


Fig.  69. —Annealed  for  6  hours  at  i^l8^  C. 


Fig.  70.— Annealed  tur  (i  hours  at  302°  C. 


Fig.  71. — Annealed  for  6  hours  at  360°  C 


PI.  VII. 


GROWTH    OF   CRYSTAL   GRAINS    IN   A    SINGLE    PHASE  (cont.). 


Fig.  72.— Annealed  for  2  weeks  at  302='  C. 


Pig.  73. — Reerystallization  at  ordinary 
temperatures  (15  days). 


RECRYSTALLIZATION    EFFECTED   BY   ANNEALING   AFTER    LOCAL 

COLD  WORKING. 


*' 
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Fig.  74.— The  effect  on  zinc  of  local  cold  work 
with  a  knife  blade,  followed  bv  annealing  at 

100°  C.      (TiMOFEEP.) 


Fig.  75. — Efiect  on  mild  steel  of  local  cold  work 
with  a  steel  ball,  followed  by  annealing  at 
700^  C. 
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DENDRITES   AND   CRYSTALS. 


Fig.  76.— Silver-magnesium  alloy,    15-4at.%Ag.         Fig.  77.— Silver-magnesium   alloy,  18-9at.o^Mg. 

Dendrites  of  ]Mg  surrounded  by  a  eutectic  of  Crystals  of  MggAg  surrounded  bv  ^Nlg-MgaAg 

.    Mg-MgjAg.     (Zemzuznyj.)  eutectic.     (Zei«zuznyj.) 


DIFFERENT   STRUCTURES    EXHIBITED   BY  THE   SAME   EUTECTIC. 


Fig.  78.— Alloy  of  antimony  and  Cu^Sb. 
(Dksch') 

(X  200.) 


Fig.  7'J. — Eutectic  alloy  of  antimony  and 
CuoSb.     (Desch.) 

( X  200.) 
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EUTECTICS   AND   PRO-EUTECTIC   CONSTITUENTS. 


Fig.  80, — Phosphor-copper  alloy,  9 -061%' P. 
CUgP  surrounded  by  eutectic. 

(Heyn  &  Bauer.) 


Fig.  81. — Phosphor-copper  alloy,  8-2  %P. 
Pure  eutectic. 

(Heyn  &  Bauee.) 


Fig.  82. — Phosphor-copper  alloy,  7-25  %  P. 
Solid  solution  surrounded  by  eutectic. 

(Heyn  &  Bauer.) 


PI.  IX.  {cont.). 


EUTECTICS   AND   PRO-EUTECTIC   CONSTITUENTS  (cont.). 


Fig.  83. —  Magnesium-tin  alloy,  80  %  Sn.     Den-  Fig.  84. — Magnesium-tin  alloy,  12  %  Sn. 

drites  of  Mg  surrounded  by  Mg-Mg.,Sn  euteetic.  Eutectic  of  Mg-Mg.Sn. 

(KuRNAKOW  &  Stkpanow.)  (Kurnakow  &  Stepanow.) 

(XIOO.)  (x  170.) 


Fig.  85. — Magnesium-tin  alloy,  13  %  Sn. 
Crystals  of  Mg.,Sn  surrounded  by  Mgj-Mg.Sn  c atactic. 

(Kurnakow  &  Stepano\  ".) 

(x70.) 


1.  X. 


EFFECT   OF  THE   RATE   OF   COOLING   ON    THE   SIZE   OF  THE 

STRUCTURE. 


Fig.  86. — Antimony-lead  alloy,  35  °j,  Pb,  very  slowly  cooled,  unetched. 

(X  2.) 

Figs.  87-88. — Alloy  :  89-5  "„  Cu  ;  10  ",,  Al  ;  0-4  "o  Mn.     (Rosenhain  &  Lagtsbekry.) 

(X  100.) 


'■-i 


i'i<..  ^7.     Sand  cast. 


Fig.  S8.— Chill  cast. 


PL  XI. 


NETWORK  OR  CELLULAR  STRUCTURE  AND  WIDMANSTAETTEN 

STRUCTURE. 


Fig.  90. — Hypoeutectoid  steel.    Network  of  ferrite 
in  a  background  of  pearlite.    i(N.  T.  Belaiew.) 

(X  30.) 


Fig.  91. — Hypereutectoid   steel.      Network  of 

cementite  in  a  background  of  pearlite. 

( X  60.) 


Figs.  92-93.— Examples  oi  Widmanstaetten  Structure  in  Steels.     (N.  T.  Belaiew.) 


'^ZS': 


C  =  0-55%.  (X30.) 

Pig.  93. 
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2.  During  transformation  each  a  grain  forms  a  certain  number 
of  ^  grains  ;  the  a  grains  spHt  up  and  there  is  an  increase  in  the  total 
number  of  grains.  This  is  known  as  an  indirect  transformation. 
A  transformation  may  be  direct  in  one  direction  a->j3  for  example, 
and  indirect  in  the  opposite  direction  ^->a.i 

B.  Mixture  o£  Two  Phases 

As  in  the  previous  case,  the  structure  will  be  examined  at  the 
time  of  formation  and  again  after  the  various  transformations  have 
occurred,  as  these  may  modify  the  original  structure  when  the 
mixture  remains  in  a  state  of  equilibrium. 

A  mixture  of  two  phases  may  form,  as  it  solidifies  (as  it  passes 
from  the  liquid  state),  a  very  fine  structure  or,  in  the  case  of  a  trans- 
formation in  the  solid  state  of  a  single  phase,  a  crystalline  or 
granular  structure,  as  already  described.  The  form  and  distribution 
of  the  various  constituents  in  the  system  will  be  different  according 
to  which  of  these  two  types  the  system  belongs  ;  both  cases  will 
now  be  considered. 

The  sohdification  of  the  single  particles  of  the  phases  will  be 
identical  to  the  sohdification  of  the  individual  particles  of  a  single 
phase  in  the  examples  previously  considered. 

I.  Two  Phases  solidifying  from  the  Liquid  State.— As  already 
described,  a  mixture  of  two  phases  is  obtained  when  the  corre- 
sponding solidus  is  horizontal,  in  other  words  when  solidification 
is  completed  either  by  the  formation  of  a  eutectic  or  by  the 
solidification  of  the  remaining  liquid,  due  to  a  reaction  (transition 
point)  of  the  sohd  already  formed  with  the  Hquid  giving  rise  to 
another  solid  phase.  In  either  case,  solidification  occurs  during 
two  periods. 

(1)  Progressive  deposition  of  the  first  sohd  phase  at  varying 
temperatures  forming  the  primary  crystals — crystals  of  primary 
solidification. 

(2)  Completion  of  solidification  at  a  constant  temperature  by  the 
formation  of  a  eutectic  or  by  a  reaction  absorbing  the  remaining 
hquid.  The  filhng  or  ground-mass  between  the  crystals  or  grains 
of  primary  solidification  is  formed  in  the  first  case  of  eutectic  and 
in  the  second  case  by  another  phase. 

[a]  Primary  solidification. — -During  the  first  period,  solidification 
proceeds  as  described  with  a  single  phase.  Convex  crystallites  or 
dendrites  separate  from  the  hquid  (Figs.  76,  77,  PI.  VH.),  and  the 
temperature  of  complete  solidification  having  been  reached,  the 
mass    of    the    constituent    varies    proportionately    with    the    total 

1  For  further  details  refer  to  A.  Portevin.  "  Contribution  a  I'etude  de  I'influence 
du  recuit  sur  la  structure  des  alliages  "  (Revue  de  Met.,  vol.  x.  p.  677,  1913)- 
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concentration  of  the  alloy.     The  primary  crystals  or  dendrites,  as 
well  as  the  surrounding  liquid,  are  of  definite  composition. 

(6)  Solidification  of  the  eutedic. — The  saturated  residual  liquid, 
consisting  of  two  phases,  the  one  of  identical  composition  to  the 
solid  phase  already  formed  and  the  other  of  known  composition,  now 
solidifies  at  a  constant  temperature  as  an  intimate  mixture  of  these 
two  phases  (Figs.  80-85,  Pis.  IX.  and  IX.  cont.,  p.  72).  The  particles 
composing  this  conglomerate  or  eutectic  are  much  smaller  than 
the  particles  of  the  same  phases  formed  during  primary  solidification 
under  similar  conditions,  and  can  therefore  only  be  resolved  by  the 
use  of  much  higher  magnifications  than  the  magnification  required 
to  distinguish  the  particles  of  primary  solidification.  The  con- 
stituents of  a  eutectic  are  often  arranged  as  alternate  lamellae 
(example  :  pearlite  in  steels)  ;  in  other  instances  they  present  a 
spotted,  banded  or  grained  appearance. 

Under  certain  conditions  it  is  possible  for  an  alloy  to  exhibit  two 
forms  of  eutectic  structure,  according  to  which  of  the  two  constituents 

of  the  eutectic  is  first  deposited 
(Figs.  78,  79,  PL  VIII.,  p.  72) 
(Desch). 

The  grains  or  particles  of 
primary  solidification  are  not 
affected  by  the  solidification  of 
the  eutectic,  and  they  retain 
their  original  form,  which  they 
acquired  before  the  solidification 
of  the  residual  liquid.  It  is 
therefore  usual  for  these  grains  of  primary  solidification  to  present 
a  well-defined  crystalline  or  dendritic  structure. 

In  the  above  cases,  if  no  modification  or  transformation  occurs 
after  solidification,  the  alloys  will  consist  of  primary  crystals  or 
crystal  grains  of  a  or  /3  in  a  background  or  ground  mass  of  a+^ 
eutectic.  The  proportion  of  the  primary  crystals  present  will  be 
directly  proportional  to  the  percentage  composition  of  the  alloy  as 
indicated  by  Fig.  89. 

The  alloy  contains  two  constituents  :    the  one  being  the  excess  of 
a  or  /3  which  solidifies  from  the  liquid  as  crystals  of  primary  solidi- 
fication before  the  solidification  of  the  eutectic  ;  the  other,  the  aggre- 
gate of  fine  particles  of  a  and  jB  forming  the  eutectic. 
The  relation 

X  _  primary  a  or  ^  in  excess  of  eutectic 
y  eutectic 

may  be  approximately  estimated  by  measuring  the  areas  of  the 
surfaces  of  the  two  constituents  of   the  alloy  found   in   a   section 
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viewed  under  the  microscope  ;  this  measurement  may  be  made  by 
means  of  a  planimeter.  With  practice  it  is  possible  to  make  a 
rough  estimate  of  the  composition  by  merely  viewing  the  specimen 
under  the  microscope  at  a  convenient  magnification  that  shows  a 
number  of  the  individual  grains  in  the  field  of  view  (estimation  of 
the  carbon  content  of  hypoeutectoid  steels). 

The  chemical  composition  of  the  constituents. of  the  eutectic  and 
of  the  eutectic  itself  may  also  be  determined  by  extrapolation  of 
the  lines  ac  and  cb. 

By  superimposing  two  metals  in  the  liquid  state  and  causing 
them  to  solidify  before  the  mass  becomes  homogeneous,  an  ingot 
is  obtained,  a  longitudinal  section  of  which  will  show  a  continuous 
series  of  varying  structures  corresponding  to  all  the  alloys  of 
these  two  metals.  (Diffusion  in  the  liquid  state,  Figs.  109,  no, 
PI.  XIV.,  p.  79.) 

Size  of  the  individual  particles  or  crystals  :  liquation. — The  size 
of  the  particles  or  grains  of  both  the  primary  crystallisation  and 
the  eutectic  increases  as  the  time  taken  in  passing  from  the  liquid 
to  the  solid  state  increases  ;  by  very  slow  cooling  one  of  the  authors  * 
has  shown  that  certain  alloys  (lead-tin,  copper-antimony,  tin- 
bismuth,  etc.)  will  form  crystals  which  are  clearly  visible  to  the 
naked  eye.  Fig.  86,  PI.  X.  (p.  72),  is  an  illustration  of  such  an 
alloy  (lead-antimony)  in  which  the  primary  crystals  of  antimony 
are  clearly  visible  and  have  accumulated  owing  to  liquation.  The 
liquation  is  a  direct  consequence  of  the  progressive  solidification  in 
two  stages.  The  primary  crystals  accumulate  in  the  regions  where 
the  greatest  cooling  occurs  (sides  of  the  mould  in  the  case  of  chill 
castings)  or  else,  in  cases  where  the  density  of  the  primary  crystals 
differs  from  that  of  the  liquid,  tend  to  float  to  the  top  or  sink  to  the 
bottom  of  the  mass.  This  liquation  causes  the  alloy  to  become 
heterogeneous,  which  fact  can  be  verified  by  macrographical 
examination  and  by  chemical  analysis  of  metal  taken  from  various 
parts  of  the  casting. 

Liquation  or  segregation  is  a  very  common  occurrence  with 
alloys  and  is  an  immediate  consequence  of  the  time  taken  by  an 
alloy  to  solidify ;  in  other  words,  the  interval  between  the  liquidus 
and  the  solidus.  In  the  case  of  ingot  metal  casting,  the  portions 
solidifying  last  collect  towards  the  centre  of  the  upper  portion  of  the 
ingot. 

(c)  Transition  point. — Before  the  transition  temperature  is 
reached  solidification  proceeds  by  the  separation  of  crystals  or 
dendrites  from  the  liquid.  On  reaching  the  transition  temperature 
some  or  all  of  these  particles  or  crystals  react  with  the  surrounding 
liquid  to  form  another  solid  phase.     The  crystalline  form  of  the 

1  Portevin,  Bull.  Soc.  Ing.  civ.,  66,  806,  1913. 
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primary  crystals  is  thereby  destroyed  and  the  primary  crystals  may 
even  entirely  disappear.  This  reaction  is,  however,  often  incomplete 
owing  to  the  total  envelopment  of  the  primary  crystals  of  a  by  the 
new  crystals  of  ^,  formed  by  the  reaction  with  the  liquid.  This 
envelopment  prevents  further  reaction  taking  place  and  permits 
the  a  phase  to  exist  or  persist  in  alloys  which  should  not  contain 
this  phase  ;  an  alloy  of  this  type  will  consist  of  three  constituents 
7iot  in  equilibrium.  This  case  will  be  considered  later  (p.  83)  as 
only  alloys  in  a  state  of  equilibrium  are  now  being  described. 

2.  Mixture  o£  Two  Phases  Forming  in  the  Solid  State.— It  has  been 
shown  that  a  solid  a  phase  may  react  with  a  liquid  phase  to  form, 
on  solidification,  a  solid  ^  phase  along  an  oblique  line  of  the  diagram 
In  a  similar  manner  it  is  possible  for  horizontal  lines  to  be  present, 
in  the  equilibrium  diagram,  below  the  solidus,  indicating  reactions 
at  fixed  temperatures,  bringing  about  the  formation  of  another 
phase  or  a  eutectoid. 

The  two  cases  will  be  considered  as  regards  their  micrographic 
structure.  If  the  physico-chemical  laws  governing  these  trans- 
formations are  the  same  as  those  governing  solidification,  the 
genesis  of  the  particles  or  grains  is  not  identical,  as,  instead  of 
crystallising  from  a  liquid  and  consequently  amorphous  material, 
they  separate  in  this  case  from  a  solid  phase,  which  is  a  crystalline 
aggregate  formed  by  the  juxtaposition  of  the  crystalline  grains. 

(i)  In  the  case  of  a  progressive  separation  of  a  ^  phase  from  an 
a  phase,  the  particles  of  ^  might  separate  either  between  the  a 
grains  or  inside  them,  forming  two  types  of  structure. 

{a)  The  ^  phase  separates  between  the  a  grains,  forming  an 
envelope  for  each  grain,  the  structure  being  known  as  cellular  or 
network  structure  (Figs.  90,  92,  PI.  XL,  p.  y^). 

(b)  The  j8  phase  separates  along  the  cleavage  planes  of  the  a 
grains,  forming  lamellae  in  various  directions.  This  structure  is 
known  as  Widmanstaettens  structure  (Figs.  92,  93,  PL  XL,  p.  73). 

The  above  cases  represent  the  two  extremes  possible,  and  as  a 
general  rule  the  structure  obtained  is  an  intermediate  form  com- 
prising both  these  types. 

Very  slow  cooling,  giving  a  greater  time  for  the  separation  of  ^, 
favours  the  production  of  the  network  structure.  The  rate  of 
cooling  has  a  similar  effect  on  the  grain  size  as  it  has  during  solidi- 
fication (Figs.  87,  88,  PI.  X.,  p.  72). 

(2)  In  the  case  of  the  formation  of  a  eutectoid,  the  original 
structure  is  entirely  destroyed  by  the  formation  of  an  intimate 
mixture  of  the  two  constituents,  the  structures  of  which  are 
extremely  fine  owing  to  their  separation  from  a  solid  medium,  the 
particles  of  which  possess  but  little  mobility.  Other  conditions 
being  constant,  the  structure  of  a  eutectoid  increases  in  fineness  as 
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the  viscosity  of  the  metal  is  greater  and  therefore  as  the  temperature 
of  formation  is  less.  This  eutectoid  may  exhibit  a  lamellar,  granular, 
or  network  structure  ;  several  forms  of  structure  may  be  found  in 
the  same  alloy.  One  of  the  authors  ^  has  investigated  this  pheno- 
mena in  the  case  of  the  y  eutectoid  of  the  aluminium-bronze  series. 

Modifications  in  Structure  of  a  Mixture  of  Two  Phases  in  Physico- 
Chemical  Equilibruim  :  Coalescence. — When  a  mixture  of  two  phases  is 
in  physico-chemical  equilibrium  at  a  given  temperature,  that  is  to  say 
when  the  chemical  compositions  and  the  respective  properties  of  the 
constituents  composing  each  of  the  phases  are  as  defined  by  the 
equilibrium  diagram,  it  is  still  possible  for  modifications  in  the 
structure  to  occur,  such  as  change  of  shape  or  size  of  the  particles ; 
the  particles  assume  the  form  of  rounded  grains,  increase  in  size 
and  consequently  decrease  in  number  since  the  total  mass  cannot 
change. 

In  this  manner  the  eutectoid  lamellar  pearlite  in  steels  changes 
to  granular  pearlite  and  finally  separates  into  its  two  constituents, 
ferrite  and  cementite.  In  a  similar  manner  the  needles  of  cementite 
change  into  spheroidised  cementite  (Figs.  98,  99,  PI.  XII.,  p.  y8). 

Analogous  examples  have  been  observed  in  the  aluminium- 
bronze  series  (Figs.  94-97,  PI.  XII.,  p.  y8),  the  brasses  and  the 
copper-tin  series.  ^ 

These  phenomena  of  coalescence,  which  indicate  the  intervention 
of  factors  other  than  the  temperature  and  pressure  (the  only  physical 
changes  taken  into  account  in  the  construction  of  the  equihbrium 
diagram),  lead  directly  to  the  consideration  of  the  structural  equili- 
bn'um  which  all  heterogeneous  bodies  tend  to  approach  and  which 
promotes  the  agglomeration  of  the  particles  or  elements  of  each 
phase. 

Coalescence  is  facilitated  and  is  only  to  be  observed  in  practice 
after  raising  the  temperature ;  by  this  means  it  is  possible  to 
increase  the  size  of  the  particles  in  a  finely  divided  mixture  of  twa 
phases  and  thereby  permit  the  structure,  previously  irresolvable, 
to  be  resolved  under  the  miscroscope. 

Coalescence  occurs  in  a  similar  manner  during  the  formation  of 
such  structures,  the  slower  the  speed  of  formation,  the  larger  the 
particles  in  most  cases,  hence  the  effect  of  the  rate  of  solidification 
on  the  structure  of  alloys.  Each  particle  of  a  phase  being  of  a 
crystalline  character,  in  other  words,  consisting  of  a  single  crystal 
or  a  mass  of  small  crystals  or  crystallites  constituting  a  single  phase, 
all  the  phenomena  described  under  a  single  phase  will  apply  equally 
in  this  case. 

During  coalescence    the  growth  of  the  particles  occurs  by  the 

^  Portevin,  Intey  Zeit.  Metallogr.,  vol.  iv.  p.  257,  1913. 

"  Portevin  and  Bernard,  Revue  de  Met.,  vol.  xii.  p.  143,  1915. 
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progressive  disappearance  of  the  smaller  particles  at  the  expense  of 
thejlarger  particles  ;  the  heterogeneity  of  the  alloy  is  increased 
corresponding  to  segregation  in  the  solid  state. 

All  the  possible  varieties  of  structure  to  be  met  with  in  binary 
alloys  in  a  state  of  equilibrium  have  now  been  examined,  and  it  has 
been  shown  that  whereas  the  equilibrium  diagram  determines  the 
chemical  constitution,  the  texture  and  consequently  the  conditions 
of  formation  of  -an  alloy,  the  phenomena  of  recrystallisation  and 
coalescence,  vary  the  structure  according  to  the  mechanical  and 
thermal  treatment  to  which  it  has  been  subjected ;  all  these 
variations  produce  effects  on  the  mechanical  properties  of  the  alloy. 
The  modifications  in  structure  of  an  alloy  brought  about  by  quenching 
and  thereby  retaining  the  alloy  not  in  a  state  of  equilibrium  will  now 
be  considered. 

Alloys  not  in  Equilibrium 

Whenever  a  transformation  or  reaction  of  any  type  shown  on 
the  equilibrium  diagram  does  not  occur,  is  only  partially  completed, 
or  occurs  at  a  different  temperature  to  that  shown  on  the  diagram, 
the  chemical  constituents  and  the  texture  are  no  longer  similar  to 
those  of  an  alloy  in  which  all  the  transformations  have  occurred  in 
a  normal  manner  ;  the  alloy  is  not  in  a  state  of  equilibrium. 

An  alloy  is  said  to  be  not  in  physico-chemical  equilibrium  when 
its  chemical  constitution  does  not  correspond  to  that  shown  on  the 
diagram,  and  it  is  not  in  structural  equilibrium  when  the  structure 
differs  from  that  of  an  alloy  in  which  all  the  transformations  have 
occurred  at  the  normal  temperatures  shown  on  the  diagram. 

From  the  above  it  will  be  observed  that  an  alloy  not  in  physico- 
chemical  equilibrium  cannot  be  in  structural  equilibrium,  as  struc- 
tural equilibrium  necessitates  a  state  of  physico-chemical  equilibrium. 
The  conditions  of  imperfect  equilibrium  may  originate  during  solidi- 
fication or  during  transformations  taking  place  in  the  solid  state. 

The  establishment  of  equilibrium  is  opposed  by  various  internal 
causes  ;  these  have  been  classed  under  the  general  term  of  "inter- 
ferences." These  interferences  lengthen  the  time  taken  to  attain 
equilibrium  and  may  even  entirely  prevent  the  return  to  equilibrium 
conditions. 

As  a  general  rule,  it  has  been  found  that  the  effects  of  these 
various  interferences  decrease  with  a  rise  in  temperature  ;  it  was 
due  to  this  fact  that  the  first  equilibrium  phenomena  were  dis- 
covered during  an  investigation  on  dissociation  occurring  at  high 
temperatures. 

These  interferences  operate  in  two  ways  : 

1.  By  delaying  the  transformation. 

2.  By  decreasing  the  speed  of  transformation. 


1.  XII. 


COALESCENCE. 

1°  Copper-aluminium  alloy  :  1078  "u  Al. 

( X  100.) 


(Carpenter  &  Edwards.] 


Pig.  94. — As  rolled. 


Fig.  93, — Annealed  7  hours  at  9J0°  C. 


Fig.  95.— Annealed  1  hour  at  900''  C. 


^1 


Fig.  97.— Annealed  30  hours  at  900°  C. 


2°  I  "43  °o  C  steel.     Etchant :  Benedicks'  reagent. 

(  X  1000.) 


Fi(,.  9-i. — After  forginpf. 


Fig.  99. — Afler  anuealino-  at  850°  C. 


PI.  XIII. 


HETEROGENEOUS   SOLID    SOLUTIONS. 

i^  Alloy  :  83  %  Cu  ;  15  %  Ni  ;  2  %  Al. 
Etchant  :  Acid  ferric  chloride. 


Fig.  103.— Chill  cast.     Metal  as  cast. 
(X  57.) 


W^  P 


Fig.  104.— After  annealing  for  10  hours  at  900 
(x57.) 


Fig.  105.— Chill  cast.     ^Mctal  as  cast. 
( X  200.) 


*1.  XIII.  {cont). 


HETEROGENEOUS  SOLID  SOLUTIONS. 


2°  Gold-copper  alloy :  25  "„  Au. 


Fig.  106. — As  cast.     (Kurnakow  &  Stepanow.) 
(X  20.) 


3'  Bronze:  5  "o  Sn.     Etchant :  Alkaline,   H.O,. 


^-^^^m^mmis^^. 


Fig.  107.— As  cast. 


Fig.  108.-~Aunealed  3  hours  at  800'  C. 


PI.  XIV. 


Bi 


DIFFUSION   IN   THE   LIQUID   STATE. 
Sn      r 


.**  V 


Cd 


Fig.  109.— Cadmium- 
bismuth. 


Sb 


Fig.  110. — Antimony-tu. 
(X  50.) 
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Delaying  the  transformation  is  merely  a  general  description  of 
the  well-known  phenomena  of  surfusion  and  supersaturation ; 
the  metal  or  alloy  passes  through  the  melting  point  and  yet  remains 
completely  liquid  :  surfusion  is  said  to  have  occurred  ;  this  sur- 
fusion may  be  avoided  or  prevented  by  a  variety  of  means  (shaking 
the  mass  of  metal,  introduction  of  crystal  nuclei,  etc.)  or  by  a 
sufficient  drop  in  temperature.  In  these  circumstances  there  is  a 
sudden  liberation  of  heat  causing  the  temperature  to  rise  again. 
This  phenomenon  is  known  as  recalescence,  and  finally  the  system 
attains  physico-chemical  equilibrium. 

When  the  recalescence  occurs  at  temperatures  but  little  below 
the  melting  point,  the  temperature  of  liquid  solid  equihbrium  is 
again  reached  and  an  arrest  at  this  temperature  may  be  observed 


Time 
Fig.  ioo. 


as  shown  in  curve  2,  Fig.  100  ;  (this  effect  may  nearly  always  be 
observed  with  antimony  solidifying  under  ordinary  conditions)  but 
when  the  temperature  at  the  commencement  of  recalescence  is 
considerably  lower  than  the  melting  point,  the  liberation  of  heat 
is  no  longer  sufficient  to  raise  the  mass  to  the  melting  point  and  the 
type  of  curve  illustrated  as  curve  3,  Fig.  100,  is  obtained. 

These  phenomena  may  be  observed  equally  well  during  the 
soUdification  of  alloys,  eutectics,  etc.,  and  in  the  course  of  trans- 
formations occurring  in  the  solid  state. 

A  sharp  rise  of  temperature  of  this  type  always  indicates  that 
the  system  was  not  previously  in  equilibrium  and  that  the  speed  of 
soUdification  or,  more  usually,  reaction  is  very  great  at  that  moment. 
But  the  speed  with  which  a  reaction  or  transformation  occurs 
at  any  temperature  is,  as  with  all  chemical  reactions,  very  much 
greater  as  : 

I.  The  temperature  is  greater  (interference  effect  lessened). 
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2.  The  temperature  is  more  remote  from  the  equilibrium  trans- 
formation temperature. 

Above  the  transformation  temperature,  on  cooHng,  these  two 
factors  act  in  an  inverse  direction,  such  that  on  leaving  and  passing 
below  the  equilibrium  transformation  temperature  the  rate  of  trans- 
formation increases  until  it  passes  through  a  maximum,  when  it  again 
decreases  and  finally  becomes  negligible  at  ordinary  temperatures. 
The  theoretical  curve  is  of  the  form  illustrated  in  Fig.  loi  (Le  Chate- 
lier).  For  practical  purposes  transformation  may  be  considered  to 
cease  at  some  definite  temperature,  varying  with  different  alloys, 
and  the  alloy  then  remains  in  a  state  of  imperfect  equilibrium. 

Above  this  temperature,  the  speed  of  transformation  is  appre- 
ciable and  a  system  in  imperfect  equilibrium  tends  to  attain  equili- 
brium conditions ;  this  phenomenon  is  known  as  tempering  (steels)  or 

annealing.  In  practice,  it  is  possible 
to-find  a  definite  temperature  at  which 
the  tempering  or  annealing  effect  com- 
mences, but  the  temperature  will  vary 
with  the  sensitivity  of  measurement 
and  the  particular  propert}^  investi- 
gated. 

Moreover,  the  temperatures  cor- 
responding to  the  maximum  rate  of 
transformation  and  minimum  anneal- 
ing temperature  are  both  dependent 
on  many  factors. 

It  is  now  obvious  that  if  an  alloy 

Rate  of  Transformation  with  a  knowu  transformation  point 

Fig.  loi.  is    cooled    Sufficiently   rapidly,    this 

transformation  may  be   partially  or 

entirely  suppressed,  owing  to  the  short  space  of  time  that  elapses 

before    a    temperature    is    reached    at    which    the    transformation 

can  no  longer  occur  or  cannot   be   complete  ;    but   under   these 

conditions  the  transformation   may   also    occur   over    a    range    of 

temperature  below  the  true  transformation  temperature,  and  this 

interval  of  temperature  will  be  indicated  by  the  liberation  of  a 

variable  quantity  of  heat.     Because  of  these  phenomena  it  is  stated 

that  the  transition  temperature  is  lowered  hy  an  increase  in  the  rate 

of  cooling. 

It  is  only  recently  that  the  relation  between  the  transition 
point  of  steels  on  coohng  and  the  rate  of  cooling  has  been  investi- 
gated. ^ 

The  lowering  of  the  transition  point  does  not  only  depend  on 

1  Porte vin  and  Garvin,  C.  R.,  vol.  clxiv.  p.  SS^,  191 7.  Chevenarcl,  C.  R., 
vol.  clxv.  p.  59,  191 7. 
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the  rate  of  cooling  or  more  correctly  the  law  of  cooling,  but  also  on 
the  presence  of  various  foreign  bodies,  temperature,  and  the  time 
of  heating.  1 

Inversely,  on  heating  an  absorption  of  heat  will  occur  at  tempera- 
tures higher  than  the  equilibrium  transformation  temperature, 
hence  the  distinct  transformation  temperature  on  heating.  The 
interval  between  the  transformation  temperatures  on  heating  and 
cooling  is  known  as  the  thermal  hysteresis.  The  hysteresis  is  de- 
pendent on  the  following  factors  :  the  chemical  composition  of 
the  alloy,  the  temperature,  the  laws  of  heating  and  cooling,  the 
maximum  temperature  reached  during  the  heating  operation. 

When  a  transformation,  accompanied  by  change  in  volume, 
occurs  at  comparatively  low  temperatures,  the  metal  being  but 
slightly  malleable  at  these  temperatures,  the  change  in  volume 
increases  the  internal  stresses  within  the  metal  and  these  tend  to 
oppose  the  transformation  (in  accordance  with  Le  Chatelier's  principle) 
and  also  cause  internal  strains  which  considerably  modify  the 
mechanical  properties  of  the  alloy. 

Effect  on  the  Structure — Transition  Constituents — Constituents  in 
Imperfect  Equilibrium. — By  rapid  cooling  it  is  possible  to  obtain  at 
ordinary  temperatures : — 

1.  Alloys  in  which  the  transformation  has  been  partially  or 
entirely  suppressed. 

2.  Alloys  in  which  the  transformation  has  occurred  through  a 
range  of  temperature  below  the  equilibrium  temperature. 

It  is  therefore  possible  to  examine  constituents  which  exist  at 
high  temperatures  and  which  have  been  preserved  at  ordinary 
temperatures  but  not  in  a  state  of  equilibrium  (example  :  austenite 
in  steels). 

Further,  it  has  been  shown  that  the  more  rapid  the  trans- 
formation, the  finer  is  the  structure  ;  the  particles  may  even  be  so 
fine  that  they  cannot  be  resolved  by  the  highest  magnifications  at 
present  available,  hence  the  hypothesis  of  colloidal  solid  solutions 
(troostite  in  steels)  ;  again,  the  internal  stresses  produced  by 
transformations  at  comparatively  low  temperatures,  accompanied 
by  changes  of  volume,  give  rise  to  a  macled  structure  due  to 
deformation  (martensite  in  steel),  and  finally  the  separation  of  the 
constituents  will  probably  be  intra-granular  ;  the  last  two  factors 
bring  into  evidence  the  cleavage  planes  of  the  solid  solution  which 
were  in  existence  before  the  transformation  occurred. 

The  effect  of  the  above  phenomena  is  to  enable  an  alloy  to 

^  The  effect  of  tlie  temperature  and  time  of  heating  clearly  indicates  the  part 
played  by  the  crystalline  nuclei  in  the  retardation  of  transformation  (see  Osmond, 
Revue  de  Met.,  vol.  i.  p.  348,  1904),  also  observed  by  Wyroubott  in  the  case  of  poly- 
morphic transformation  in  certain  salts  (see  Portevin,  Revue  de  Met.,  vol.  x.  p.  720 
1913)- 
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present  several  different  structures,  each  possessing  different 
properties  and  which  all  differ  from  those  of  the  original  alloy  in 
a  state  of  equilibrium.  These  constituents  will  be  termed  transitional 
constituents. 

In  every  case  there  is  a  definite  correlation  between  the  structure 
and  the  temperature  of  the  transition  point  at  the  time  of  cooling 
which  has  produced  the  structure. 

Reheating  restores,  when  necessary,  the  physico-chemical 
equilibrium,  destroys  the  effects  of  the  internal  strain,  and,  by  the 
coalescence  of  the  fine  or  ultra-microscopic  particles,  restores  the 
structural  equilibrium. 

Non-homogeneity  of  Solid  Solutions. — The  solidification  of  a  solid 
solution  may  be  chosen  as  a  specific  instance  of  an  incomplete 
reaction.     It  has  been  supposed,  in  describing  the  progress  of  this 

type  of  solidification  (p.  30,  cont.), 
that  the  particles  or  crystals  of 
the  solid  phase  assume  the  equili- 
brium composition  at  each  tempe- 
rature, as  indicated  by  the  solidus 
of  the  diagram,  and  it  was  stated 
that  this  necessitated  diffusion  in 
the  solid  state  within  the  crystals  ; 
the  rate  of  such  diffusion  is  so 
slow  that,  in  the  solidification  of 
commercial  alloys,  homogeneity 
of  the  solid  phase  is  rarely  attained 
except,  perhaps,  in  cases  where 
the  liquidus  and  solidus  are  sepa- 
rated by  only  a  few  degrees.  Con- 
sider as  an  example  the  case  illustrated  by  Fig.  102.  Equilibrium 
is  attained  at  each  temperature  only  between  the  outer  layer  of 
the  particles  of  the  solid  phase  and  the  liquid  phase  ;  these  particles, 
therefore,  have  a  zoned  structure  and  are  formed  of  layers  succes- 
sively richer  in  B  towards  the  outside  ;  also  at  any  given  tempe- 
rature the  mean  composition  of  the  solid  phase  will  be  found  richer 
in  A  than  is  required  by  the  equilibrium  diagram.  The  temperature 
t'  being  reached,  which  is  the  temperature  of  complete  solidification 
of  the  homogeneous  alloy,  there  still  remains  some  liquid,  as  the 
solid  phase  has  not  taken  up  its  full  quantity  of  B  ;  solidification 
is  complete  at  a  temperature  t'l,  less  than  t ;  with  progressively 
increasing  rates  of  cooling,  the  temperature  of  complete  solidification 
is  still  further  lowered  until  it  finally  coincides  with  the  melting 
point  of  B  at  a  temperature  ^'3. 

The  curve  showing  the  completion  of  solidification  at  a  definite 
rate   of  cooling  is  given  by  ACjB  ;    other  rates   of  cooling  are 
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represented  by  the  curves  AC2B,  AC3B  ;  in  the  last  case  the  horizontal 
portion  of  the  curve  corresponds  to  the  soHdification  of  pure  B. 

It  is  possible  to  have  not  only  heterogeneity  of  the  solid  solution 
(Figs.  103,  105,  PI.  Xni,  Figs  106,  107,  PI.  XHL  cont.,  see  p.  78), 
but  also  the  presence  of  other  constituents  such  as  eutectics  not  in 
a  state  of  equilibrium. 

Annealing,  by  allowing  diffusion  to  take  place,  permits  the 
system  to  attain  equilibrium  conditions  and  the  constituents  of 
imperfect  equilibrium  disappear. 

Examples  :  a  bronzes  (Figs.  107,  108,  PI.  XHL  cont.),  copper- 
nickel  alloys  (Figs.  103,  104,  PL  XHL,  p.  78). 

Incomplete  Reactions  due  to  Envelopment. — If,  during  the  solidi- 
fication of  an  alloy,  the  crystals  A  react  with  the  surrounding 
liquid  L  to  form  a  compound  C,  the  compound  may  completely 
enclose  the  crystals  A  and  separate  it  from  the  liquid,  thus  stopping 
the  reaction  ;  the  reaction  may  occur  by  diffusion,  the  compound 
C  being  superficially  substituted  on  A,  or  in  the  case  of  the  reaction 
occurring  at  the  centres  of  crystaUisation  of  C,  these  centres  attach 
themselves  to  the  surface  of  A,  ;  their  number,  especially  if  the  re- 
action is  much  delayed,  may  be  very  great  per  unit  of  surface.  In 
both  cases,  the  reaction  is  incomplete.  Crystals  are  obtained  which 
may  possess  a  regular  external  shape,  but  which  consist  of  A  in  the 
centre  and  C  on  the  surface.  This  phenomenon  has  been  identified 
in  the  formation  by  reaction  (transition  temperature)  of  numerous 
definite  compounds.  Examples  :  AuPb2,  AuSn4,  Sb2Cr,  Ni4Sb3, 
CuoCd,  NiSn,  SnMn  (Figs.  113,  114,  PL  XV.);  Fe3Sb2  (Figs,  iii, 
112,  PL  XV.).  One  of  the  authors  1  has  even  found,  in  the  case 
of  the  nickel-bismuth  series,  two  incomplete  reactions  occurring  in 
succession,  thereby  producing  four  constituents,  Ni,  NiBi,  NiBi3,  Bi. 

When  the  diagram  is  constructed  from  thermal  analysis  observa- 
tions, indications  of  incomplete  reactions  are  given  by  discordances 
in  the  slope  of  the  curves  at  temperatures  corresponding  to  the 
horizontal  lines  of  the  diagram. 

These  binary  alloys  presenting  more  than  two  constituents  at 
atmospheric  temperature  are  not  in  equilibrium,  and  remain  in  this 
state.  It  is  possible  by  prolonged  annealing,  at  temperatures 
approximate  to  the  reaction  temperatures,  to  render  the  reaction 
more  complete,  but  any  such  change  will  take  place  very  slowly. 

Labile  and  Metastable  Equilibrium 

It  is  possible  in  the  case  of  alloys  not  in  equihbrium,  owing  to 
the  reactions  or  transformations  having  been  entirely  suppressed, 
to  establish  a  definite  state  of  equilibrium  according  to  another 

1   Portevin,  Revue  de  M6t.,  vol.  v.  p.  no,  1908. 
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set  of  lines,  or  perhaps  the  same  set  of  hnes  of  the  diagram  further 
extended  ;  this  state  of  equilibrium,  less  stable  than  that  previously 
indicated,  has  received  the  name  of  metastable  state  or  labile  equi- 
librium. Example:  Let  M  be  a  transition  point  (Fig.  117)  corre- 
sponding to  the  successive  deposition  of  two  compounds  Ci  and  C2 
on  passing  from  the  liquid  state  ;  an  alloy  of  composition  corre- 
sponding to  the  vertical  PN  ought,  on  cool- 
jX  ing,  to  deposit  C2  on  passing  through  P ; 

I     (lig*c  )     ^^'  o^  the  other  hand,  it  remains  surfused 
^      jjyf'  .as  regards  C2  it  will  remain  in  the  liquid 

,^0^0^''^     state  below  (L2)  ;   but,  in  this  liquid,  it 
''^'fj^  is  possible  to  establish,  with  C^,  a  state  of 

1  equilibrium  by  the  deposition  of  Cj  on 

/j^  ^^  \    '  passing  through  N',  which  is  the  point  of 

_  intersection  of  PN  with  (L'l),  extension 

Fig    117  \     X I ' 

of  (Li)  ;  there  then  exists  in  the  shaded 
region  a  system  (liquid +Ci)  in  equilibrium  in  the  presence  of  C^, 
but  not  in  the  presence  of  C2  which  is  the  stable  form  ;  such  an 
equilibrium  is  termed  labile  equilibrium. 

Below  the  temperature  MN,  Cj  is  the  stable  form  and  C2  the  labile 
form.  It  is  thus  possible,  owing  to  surfusion  or  suppression  of 
transformations,  to  observe  the  extension  of  the  lines  of  the  stable 
equilibrium  diagrams  beyond  their  points  of  mutual  intersection  ; 
the  line  of  labile  equilibrium  being  below  that  of  stable  equilibrium. 
Therefore,  in  this  case,  the  diagram  is  completed  by  the  lines  of 
labile  equilibrium,  which  may  be  either  extensions  of  the  lines  of 
stable  equilibrium,  or  completely  below  these  lines. 

The  alloys  of  the  cadmium-antimony  series  may  be  cited  as  an 
example  (two  compounds  CdSb  and  Cd2Sb3  unequally  stable  accord- 
ing to  the  position  on  the  diagram) .  Zinc-antimony  series  (two  com- 
pounds ZnSb  and  Zn3Sb2  unequally  stable,  Figs.  115,  116,  PI.  XVI.  ; 
iron-carbon  series  (stable  form  of  carbon,  graphite ;  labile  form,  Fe3C) . 

An  alloy  in  labile  equilibrium  always  tends  to  pass  into  the 
condition  of  stable  equilibrium.  This  change  may  occur  spontaneously 
at  some  definite  temperature,  and  be  accompanied  by  a  sudden 
liberation  of  heat,  or  if  the  interferences  exert  a  great  influence  the 
change  may  occur  slowly  and  progressively  ;  as  the  effect  of  the 
interferences  decreases  with  rise  of  temperature,  the  change  takes 
place  more  easily  at  high  temperatures.  It  is  possible  that  the 
interferences  may  be  such  that  the  change  can  only  occur  at  high 
temperatures  and  at  certain  concentrations  in  the  series  of  alloys. 

The  labile  and  stable  constituents  may  be  present  in  an  alloy 
simultaneously,  this  condition  being  frequently  present  with  cast 
irons  (Figs.  117,  118,  PI.  XVI.). 

As  a  general  rule,  any  irreversible  liberation  of  heat  on  cooling 
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BINARY   ALLOYS  WITH   3  CONSTITUENTS   NOT    IN    EQUILIBRIUM, 

ILLUSTRATING    INCOMPLETE   REACTIONS    DUE   TO   THE 

ENVELOPMENT   OF   ONE   CONSTITUENT. 


Antimony-iron  alloy  :  20  "„  Fe. 

( X  liOO.) 


Fig.  111.  —Etched  for  5  sees,  in  copper- 
potassium  chloride. 


Fig.  112. — Etched  for  5  sees,  in  copper-potassium 
chloride,  followed  by  10  sees,  etching  in  acid 
ferric  chloride. 


Manganese-tin  alloy  :  32  "^j  Mn. 

(X  100.) 


Fig.  113.— Etchant  :  Picric  acid. 


Fig.  114.— As  polished. 


P].  XVI. 


STABLE  AND   LABILE   EQUILIBRIUM. 
Antimony -zinc  alloy  :  78-5  %  Sb.     (Zemzuznyj.) 


IG.  115. — White  unstable  crystals  of  antimony 
in  an  unstable  eutectic  mixture  of  antimony 
and  Zn„Sb.,.     Etchant :  Nitric  acid. 


Fig.   116. — Dark  primary   crystals    of   sta 
ZnSb   in   a   stable   eutectic   of   Sb  +  Zn 

Etchant :  Nitric  acid. 


Grey  cast  iron  (0  =  '2-88  ;  graphite  =  2-48  ;  Mn  =  0-42  ;  Si  =  2-l(;). 

(X  250.) 
Stable  graphite  and  pearlite.— Labile  cementite  and  pearlite. 
The  two  micrographs  show  the  same  field. 
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Fki.  117. — Ferritc  and  ccmentito,  light. 

Graphite  and  pearlite,  dark. 

Etchant :  Picric  acid. 


Fig.  118. — Ferrite  and  pearlite,  light. 

Graphite  and  cementite,  dark. 

Etchant  :  Sodium  picrate. 
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characterises  the  previous  existence  of  a  state  of  labile  equilibrium ; 
similarly,  any  liberation  of  heat  on  heating  indicates  the  previous 
existence  of  the  system  in  imperfect  equilibrium. 

Verification  of  the  Diagram  by  the  Examination  of  the  Microscopic 
Structure  of  the  Alloys 

The  relation  between  the  microscopic  structure  and  the  equi- 
librium diagram  has  been  shown,  in  the  case  of  alloys  in  a  state  of 
equilibrium,  by  the  examination  of  various  alloys  at  ordinary 
temperatures,  any  irregularities  of  the  structure  indicating  imperfect 
equilibrium  :  verification  of  the  fact  that  the  alloy  is  not  in  equi- 
librium may  be  obtained  by  the  examination  of  the  variations  of  the 
microstructure  which  are  brought  about  by  varying  periods  of 
annealing,  followed  by  slow  cooling ;  the  relation  between  the 
structure,  at  atmospheric  temperature  and  variable  concentrations, 
and  the  equilibrium  diagram  is  thus  complete. 

Inversely,  with  any  given  alloy  it  is  possible  to  obtain  certain 
additional  evidence  with  regard  to  the  equilibrium  diagram  at 
varying  temperatures,  by  the  examination  of  quenched  specimens. 

1.  If  any  alloy  is  not  in  a  state  of  equilibrium  due  to  the  suppres- 
sion or  retardation  of  a  transformation  normally  occurring  at  a 
temperature  T,  any  heating  or  annealing  at  a  temperature  below  T 
wiU  tend  to  modify  the  structure  and  restore  the  alloy  to  a  state 
of  equilibrium  ;  if  this  change  can  be  clearly  seen  under  the  micro- 
scope, it  wiU  be  possible  to  verify  the  stability  of  this  structure  until 
the  temperature  T  is  reached,  and  also  to  find  the  minimum  tem- 
perature at  which  the  transformation  commences. 

2.  Inversely,  if  an  alloy,  in  a  state  of  equilibrium,  is  quenched 
at  gradually  increasing  temperatures,  it  will  be  possible,  at  tem- 
peratures above  the  transformation  temperature  T,  to  obtain  alloys 
which  are  not  in  equilibrium,  this  condition  being  proved  by  the 
change  in  the  structure,  and  also  to  find  the  upper  limit  of  the 
transformation  T. 

It  was  by  means  of  this  method — quenching  specimens  at 
gradually  increasing  temperatures — that  Heycock  and  Neville  traced 
the  solidus  for  the  copper-tin  system,  Gutowski  the  solidus  of  the 
iron-carbon  series,  Wark,  Goerens,  Meyer  and  Saldaou  the  trans- 
formation curves  of  the  iron-carbon  diagram.  As  a  general  rule  it 
is  essential  to  verify  the  relative  stability  of  any  structure  by  pro- 
longed annealing ;  in  fact,  annealing,  by  the  operation  of  the 
phenomena  of  diffusion,  coalescence  and  liquation  in  the  solid  state  : 

1.  Brings  about  the  chemical  homogeneity  of  solid  solutions. 

2.  Increases  the  chemical  heterogeneity  of  more  than  one  phase. 
By  this  double  action  the  operation  of  annealing  is  of  great  assist- 
ance in  verifying  whether  more  than  one  phase  is  actually  present. 


CHAPTER   III 

THE   MECHANICAL   PROPERTIES  AND   TREAT- 
MENT OF   METALLURGICAL   PRODUCTS 

The  object  of  this  chapter  is  not  to  give  a  complete  description  of 
the  various  mechanical  properties  and  treatments  to  which  metallic 
products  may  be  subjected,  but  merely  to  give  a  general  outline 
of  the  various  mechanical  tests  and  treatments  in  common  use 
and  to  show  their  relation  with  the  equilibrium  diagram  and 
consequently  the  structure  of  the  material.'^ 

MECHANICAL  TESTS 

Introduction. — In  order  to  ensure  that  the  quality  of  any  metal 
or  alloy  is  up  to  standard  it  is  usual  to  submit  samples  to  various 
mechanical  tests  ;  these  tests  enable  the  value  of  the  various  strength 
coefficients  of  the  material  to  be  determined  and  it  may  then  be 
compared  with  other  material  of  a  similar  nature,  or  employed  for 
a  similar  purpose. 

Mechanical  tests  may  be  divided  into  two  main  categories : — 

Acceptance  tests  which  various  classes  of  material  have  to 
undergo  to  ensure  that  they  satisfy  the  specification  or  are  satisfactory 
for  the  purpose  required. 

Laboratory  tests  carried  out  on  various  material  before  it  leaves 
the  works  and  is  put  into  commercial  use  and  also  on  material  which 
has  failed  during  use — mechanical  failures. 

Acceptance  tests  may  be  subdivided  into  two  main  classes : 

Mechanical  tests,  the  results  of  which  are  stated  in  figures  (tons, 
sq.  ins.,  ft.-lbs.,  etc.). 

Works  tests  to  ensure  that  the  material  is  satisfactory  for  certain 
uses  ;  examples  :  soldering  and  brazing  tests,  bending  tests,  drift 
tests,  machining  tests,  etc.,  etc.,  closely  approaching  the  actual 
nature  of  the  treatment  that  the  material  has  to  undergo  during  the 
course  of  manufacture. 

It  must  be  observed  that  the  results  obtained  from  such  tests 
are  largely  dependent  on  the  method  of  carrying  out  the  test,  and 

^  Full  details  may  be  found  in  Guillet  :  Trempe,  Recuit,  Reventt,  Dunod  and  Pinat, 
Paris,  publishers. 
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are  therefore  dependent  on  the  workman.  In  spite  of  this,  the 
introduction  of  such  tests  into  many  works  has  greatly  lessened  the 
difficulties  encountered. 


l-'iG.   ii>. — AiiL^kr-Lafion  tensile  testing  machine. 


The  mechanical  tests,  the  results  of  which  are  stated  in  figures, 
are  : — 

Tensile  tests  ; 

Compression  tests  ; 

Bending  tests  ; 

Impact  tests  on  plain  or  notched  specimens ; 

Hardness  tests  ; 

Punching,  bending,  drifting,  and  torsion  tests. 
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Tensile  Tests 

In  this  test  the  specimen  is  subjected  to  a  direct  pull  which 
gradually  increases  until  the  specimen  breaks. 

Coefficients  defined  by  the  Tensile  Test. — ^This  test  permits  the 
following  important  coefficients  to  be  determined  : 

1.  The  ultimate  strength  in  tons  per  square  inch,  denoted  by  the 
letter  R.  This  is  the  maximum  load  that  the  metal  is  able  to  support 
per  square  inch  of  the  initial  cross-section  before  breaking.  Let  S  be 
the  initial  cross-section  of  the  specimen  in  square  inches,  and  R^  the 
total  load  in  tons  supported  by  the  specimen  before  fracture,  then 
the  ultimate  strength  of  the  material  is  given  by  the  expression 

2.  The  elastic  limit  in  tons  per  square  inch,  denoted  by  the  letter  E. 
This  is  the  maximum  load  that  the  metal  is  able  to  support  per 
square  inch  of  cross-section  without  undergoing  any  permanent 
deformation.! 

By  permanent  deformation  is  meant  any  deformation  which 
exists  after  the  removal  of  the  strain. 

The  elastic  limit  must  be  distinguished  from  the  yield 
point. 

If  a  tensile  test  be  carried  out  on  any  material,  the  strain  (exten- 
sion) at  each  stress  (load)  being  measured,  and  such  strains  are  plotted 
against  the  corresponding  stresses,  a  diagram  is  obtained  which  is 
known  as  the  stress-strain  diagram.  For  most  metals  the  stress- 
strain  diagram  will  be  a  straight  line  until  a  certain  point  is  reached, 
called  the  elastic  limit — limit  of  proportionality,  i  After  which 
the  strain  increases  more  rapidly  than  the  stress,  until  at  a  certain 
point  there  is  a  sudden  large  increase  in  strain  for  a  com- 
paratively small  increase  in  stress.  This  point  is  known  as  the  yield 
point. 

Let  S  equal  the  initial  cross-section  of  the  specimen  in  square 
inches,  and  E^  be  the  load  at  which  the  specimen  commences  to  be 
permanently  deformed,  then  : 

E 
'       S 

3.  Percentage  elongation  after  fracture  (A  per  cent.). — This 
measurement  is  obtained  from  specimens  of  standard  gauge 
lengths,  the  gauge  length  varying  with  the  diameter  of  the 
specimen. 

*  From  this  definition  it  will  be  observed  that  the  value  of  the  elastic  limit  will 
depend  on  the  sensitivity  of  the  instruments  employed. 


MFXHANICAL  TESTS 


89 


Let  /  be  the  original  gauge  length  of  the  specimen,  L  the  length 
of  the  same  section  after  fracture,  then  : 

A  per  cent.  =  — r—  X  100 


Curve  I. 


Curve  3. 


Curve  5. 


Curve  4. 

(All  the  curves  were  obtained  on  the 
same  machine.) 

FH 
Curve  I. — Brass  with  very  low  elastic 

limit. 
Curve  2. — Mild     steel     showing     yield 

point. 
Curve  3. — Very  mild  steel. 
Curve  4. — ^Medium    carbon   steel    with 

average  elastic  limit. 
Curve  5. — Medium    carbon   steel   with 

high  elastic  limit. 


Figs,  i  19-123. — Stress-strain  diagrams. 
(Strain  as  abscissae,  stresses  as  ordinates.) 

4.  Percentage  reduction  in  area  of  cross-section,  denoted  by  E. 

Let  S  be  the  initial  cross-section  of  the  specimen,  s  the  smallest 

area  of  cross-section  after  fracture  (this  is  not  necessarily  the  area 

of  the  fracture),  then  : 

„      S  — s 

27  =  — p^-  X  100 


Importance  of  the  Different   Coefficients. — The  following  remarks 
will  illustrate  the  importance  of  the  various  coefficients. 

The  ultimate   strength   R  gives   the  maximum   load   that   the 
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material  is  able  to  support  and  allows  a  factor  of  safety  to  be  deter- 
mined. 

The  elastic  limit  E  gives  the  maximum  load  that  the  material 
will  support  before  being  permanently  deformed  or  having  a  "  per- 
manent set." 

The  percentage  elongation,  A  per  cent.,  and  the  percentage 
reduction  in  area  2  give  an  indication  of  the  ductility  possessed  by 
the  metal. 

Determination  of  the  Various  Coeffieients.^The  determination 
of  these  various  coefficients  is  carried  out  by  means  of  mechanical 
testing  machines,  in  which  the  test-piece  is  held  in  clamps  between 
two  jaws  or  it  may  be  threaded  into  clamps  at  each  end. 

In  modern  machines  the  clamps  are  suspended  from  double 
universal  joints  to  ensure  that  the  specimen  is  stressed  only  along 
one  axis.  The  load,  which  is  increased  slowly  and  regularly,  is 
applied  either  by  hydraulic  pressure  or  by  some  mechanical  means 
which  serves  to  move  one  jaw  or  clamp  (generally  the  lower  jaw) 
in  relation  to  the  other.  The  load  is  measured  by  attaching  the 
stationary  jaw  to  the  short  arm  of  a  balance  provided  with  a  "  jockey 
weight  "  on  the  other  side  of  the  knife-edges.  The  load  is  balanced 
by  moving  the  jockey  weight  along  the  beam,  this  condition  being 
indicated  by  a  small  pointer  or  other  device  moving  over  a  scale. 
In  the  case  of  some  hydraulic  machines  a  pressure  gauge  is  the  means 
of  measuring  the  load,  the  diameter  of  the  cylinder  being  known 
the  load  is  easily  calculated ;  but  this  method  is  not  reliable  as  it  is 
dependent  on  the  accuracy  of  the  gauge.  ^ 

Frequently  the  load  is  recorded  on  a  chart  by  means  of  an 
"autographic  recorder,"  consisting  of  a  revolving  drum  intergeared 
with  the  machine  in  such  a  manner  that  a  stress-strain  diagram  is 
automatically  plotted  on  the  sheet  of  ruled  paper  placed  round  the 
drum. 

Briefly,  a  tensile  testing  machine  consists  of  the  following  parts  : 

1.  The  apparatus  to  apply  the  load  or  stress. 

2.  The  apparatus  to  hold  the  specimen  and  connect  it  to  the 
above. 

3.  The  apparatus  to  record  the  load  or  stress. 

A  brief  description  of  the  methods  employed  to  obtain  the  values 
of  the  various  coefficients  may  now  be  given  : 

I.  The  ultimate  strength  is  derived  from  the  maximum  registered 
on  the  machine  ;  when  an  autographic  record  is  taken,  this  load 
is  the  maximum  value  shown  on  the  curve. 

^  The  description  of  various  tensile  testing  machines  does  not  come  within  the 
scope  of  the  present  work.  The  most  modern  forms  are  those  of  the  Amsler-Laffon 
type,  and  readers  are  referred  for  further  particulars  to  Martin's  text-book  of  the  sub- 
ject, translated  by  Breuil,  Gauthier-Villars,  publishers,  and  also  to  various  articles 
by  Breuil  in  the  Revue  de  Mecanique.  Translator's  note :  Also  Ewing's  "  Strength 
of  Materials  "  and  Unwin's  "  Testing  of  Materials  of  Construction." 
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2.  The  yield  point  is  more  difficult  to  obtain.  With  testing 
machines  of  the  Thomasset  or  Maillard  type  it  is  indicated  by  an  arrest 
in  the  rise  of  the  mercury  column,  but  this  type  of  machine  is  now 
very  little  used.  With  ordinary  straight-beam  or  multiple-lever  type 
machines  it  is  indicated  by  a  drop  of  the  beam,  as  the  extension  takes 
place  more  rapidly  than  the  increase  of  load.  It  is  shown  on  the 
autographic  record  (stress-strain  diagram)  by  an  arrest,  alteration 
of  direction  in  the  curve,  or  the  point  where  the  curves  deviate 
from  a  straight  line. 

The  Elastic  Limit  is  far  more  difficult  to  determine  and  can  only 
be  found  by  means  of  a  very  accurate  measuring  apparatus  known 
as  an  Extensometer.  There  are  many  forms  of  this  apparatus, 
descriptions  of  which  may  be  found  in  any  of  the  standard  works 
on  the  testing  of  metals.  By  means  of  the  extensometer  measure- 
ments of  the  extension  are  taken  for  small  increments  in  the  load 
and  the  results  obtained  are  plotted.  The  limit  of  proportionality 
or  the  true  elastic  limit  can  then  be  determined  from  the  curve  by 
noting  the  point  at  which  the  curve  deviates  from  the  straight  line. 
There  appears  little  doubt  that  the  value  of  the  elastic  limit,  with  the 
load  apphed  in  any  one  direction,  is  not  the  same  throughout  the 
whole  mass  of  the  sample,  but  that  there  is  a  minimum  value  for 
certain  crystals  and  a  maximum  value  at  which  all  crystals  are 
deformed,  the  value  being  dependent  on  the  orientation  of  the 
respective  crystals,  i 

This  is  very  clearly  illustrated  by  the  method  introduced  by 
Fremont  :    a  perfectly  polished  conical  test-piece  (Fig.  124)  is  sub- 

Iniernaiional  metric  gauge  ( IGmmdiam  Zmmpiich) 

r  iiwr 


2  mm,'-'. 


ZiAm,   \  Saw  cut   J  mm.. 


■.—  IS    — E 30-  --—=~^/0->U—J5 

Fig.  124. — Fremont's  tensile  test-piece  for  the  determination  of  the  elastic  limit. 


jected  to  a  load  greater  than  the  ultimate  strength  of  its  smallest 
section. 

The  polished  surface  of  the  specimen  is  destroyed  over  the 
whole  of  that  portion  of  the  specimen  subjected  to  a  load  greater 
than  the  elastic  limit.  By  microscopical  examination,  the  point 
along  the  specimen,  where  the  polished  surface  ceases  is  easily  seen 
(PI.  XVII.  Figs.  125,  126,  p.  114)  ;  and  dividing  the  total  load  by  the 

^  See  A.  Portevin,  "  Sur  la  limite  elastique  des  alliages,"  C.  R.,  156,  1237,  1913. 
"  Sur  les  deformations  microscopiques  des  alliages."  Meeting  on  May  31,  1913, 
of  the  International.  Assoc,  for  the  Testing  of  Materials. 
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area  of  cross-section  at  this  point  in  square  inches  gives  the  elastic 
limit  in  tons  per  square  inch. 

Experimentally,  it  is  practically  impossible  to  determine  the 
exact  limits  of  the  polished  and  distorted  sections  except  in  the  case 
of  alloys  having  a  distinct  yield  point,  in  which  case  this  point  is 
also  clearly  seen  on  the  stress-strain  diagram.  In  practice,  there  is 
found  an  area  which  has  been  very  slightly  de-polished  and  an  area 
entirely  de-polished,  corresponding  to  the  minimum  and  maximum 
values  of  the  elastic  limit,  ^  both  of  which  determinations  afford 
valuable  information  as  to  the  properties  of  the  metal  under  test. 

3.  The  percentage  elongation  may  be  read  from  the  stress-strain 
diagram,  but  is  more  easily  obtained  by  direct  measurement  of  the 
fractured  specimen  when  the  two  portions  are  fitted  together  as 
accurately  as  possible.  It  is  usual,  before  testing,  to  mark  off  the 
gauge  length  by  means  of  two  light  centre-punch  marks  a  given 
distance  apart  (2  ins.,  4  ins.,  100  cms.),  the  distance  depending  on 
the  diameter  of  the  test-piece.  Measurement  after  fracture  gives 
the  increase  due  to  the  elongation  of  the  specimen  and  the  percentage 
elongation  is  easily  calculated.  If  a  stress-strain  diagram  is  to  be  taken, 
two  clamps  are  fixed  to  the  test-piece  and  register  in  the  centre-punch 
marks.  Wires  are  attached  to  these  clamps  and  suitable  gearing, 
etc.,  enables  the  elongation  to  be  recorded  on  a  revolving  drum. 

4.  The  percentage  reduction  in  area  of  cross-  section  is  determined 
by  the  direct  measurement  of  the  initial  cross-section  of  the  test- 
piece  and  the  smallest  cross-section  after  fracture. 

Precautions  to  be  taken  in  carrying  out  tensile  tests. — Numerous 
precautions  are  necessary  if  the  results  of  tensile  tests  are  to  be 
comparable  with  each  other  : — 

1.  It  is  essential  that  the  test-pieces  shall  be  homologous  ;  the 
relation  between  the  gauge-length  (used  in  the  measurement  of  the 
percentage  elongation)  and  the  cross-section  is  represented  by  the 
equation 

L  =--  K  VS 

In  France  the  proportion  is  usually 

L  =  a/66^ 

The  most  general  form  of  test-piece  is  of  circular  section,  gauge 
length  100  mm.,  diameter  13-8  mm.  An  illustration  of  this  type  of 
test-piece  is  shown  (Fig,  127).  When  testing  sheet  metal,  the 
thickness  of  which  is  a  limiting  dimension,  the  width  of  the  test- 
piece  is  varied  to  give  the  constant  ratio  of  length  to  cross-section. 

2.  Influence  of  time  in  the  process  of  testing.     If  the  test  is 

^  See  A.  Portevin,  "  Sur  la  limite  elastique  des  alliages,"  C.  R.,  156,  1237,  1913. 
"  Sur  les  deformations  microscopiques  des  alliages."  Proceedings  May  31,  1913, 
International  Assoc,  for  the  Testing  of  Materials. 
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carried  out  more  rapidly  the  ultimate  stress  and  the  elastic  limit  are 
increased  whilst  the  percentage  elongation  is  decreased. 
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Fig.  127. — Standard  tensile  test-piece  (France). 


8    GAUGE  LENGTH 


k— PARALLEL  FOn  A   LENGTH  OF  NOT  LESS  THAN  9  INCHES  - 
TOTAL    LENGTH  ABOUT    18"    

Test  Piece  A. 


GAUGE  LENGTH  NOT  LESS  THAN  8  TIMES  THE  DIAMETER  ■ 


k-WITH  ENURGEO  ENDS:-  PARALLEL  FOR  A   LENGTH  OF  NOT   LESS   THAN    9    TIMES    THE   HEDUCEO  DIAMETER-^ 

Test  Piece  B. 

Fig.  1.27A. — British  standard  tensile  test-piece.  ^ 
Test  Piece  B. — 'AH  test-pieces  of  form  B  are  strictly  similar,  and  for  the  same 
material  give  the  same  percentage  of  elongation.     They  are  nearly  similar  to  a  test- 
piece  of  form  A,  8  inches  in  gauge  length,  2  inches  wide,  and  |-inch  thick. 

The  following  figures  obtained  by  Andre  Le  Chatelier  illustrate 
this  effect : — 


Time  taken  by  test  (seconds) 

50 

300 

3600 

Zinc  wire      . .       Ult.  stress  (tons  sq.  in.) 

Aluminium   .  . 

Copper           .  .                  ,, 

17-67 

9-40 

17-03 

13-25 

9-09 

16-28 

7-26 

8-46 

15-84 

With  zinc,  the  percentage  elongation  will  vary  from  1-175  per  cent, 
according  to  the  speed  at  which  it  is  pulled  out. 

3.  The  position  and  direction  from  which  the  test-piece  is  taken 
must  be  noted  (example  :  in  the  direction  or  perpendicular  to  the 
direction    of   rolling),    also    the   condition    of   the   metal    (forged, 

^  These  test-pieces  are  in  accordance  with  the  requirements  of  the  Brit.  Eng. 

Assoc. 
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annealed,  quenched,  drawn,  etc.),  and  even  the  exact  conditions  under 
which  this  treatment  was  carried  out  :  quenching  temperature, 
time  heated  before  quenching,  temperature,  size  and  nature  of  the 
quenching  bath,  etc. 

4.  Finally,  the  temperature  of  the  test-piece  during  the  test 
has  an  effect  on  the  values  obtained. 

Below  are  given  several  examples  of  the  actual  values  obtained 
from  tensile-tests  on  various  materials. 

With  steel  wire,  rolled  and  heat  treated,  such  as  aeroplane 
wires,  the  ultimate  stress  may  attain  a  value  of  125-160  tons  per 
square  inch,  the  elastic  limit  almost  coinciding  with  the  ultimate 
stress  and  the  percentage  elongation  being  practically  nil. 

Special  steels,  such  as  nickel-chrome  steels,  give  values  : 

Ult.  stress  ==95-1 15  tons  sq.  in.  ;   E  =80-100  tons  sq.  in. 

Percentage  elongation =6-10  per  cent. 
Rolled  copper  alloys : 

Ult.  stress  =45-50  tons  sq.  in.  ;   E  =30-38  tons  sq.  in. 

Percentage  elongation =8-12  per  cent. 
Annealed  copper  alloys : 

Ult.  stress  30  tons  sq.  in.  ;   E=2o  tons  sq.  in. 

Percentage  elongation  =25-30  per  cent. 

Certain  high-tensile  aluminium  alloys  recently  discovered,  and 
which  are  extremely  interesting  owing  to  their  low  specific  gravity, 
show  : — 

Ult.  stress=25-28  tons  sq.  in.  ;  E =12-14  tons  sq.  in. 

Percentage  elongation =20-22  per  cent. 

Compression  Tests 

In  the  compression  test,  the  test-piece,  which  is  either  a  cylinder 
or  a  cube,  is  steadily  compressed  in  one  direction  (one  axis). 

The  test  may  be  continued  until  the  specimen  fractures,  the 
fracture  usually  occurring  along  parallel  surfaces  which  may  be 
perpendicular  or  inclined  to  the  direction  of  loading. 

Values  for  the  ultimate  stress  and  the  elastic  limit  in  com- 
pression are  obtained  from  the  test,  and  the  definitions  of  these  two 
factors  are  analogous  to  those  given  previously  for  the  tensile  test, 
the  contraction  being  the  inverse  of  elongation. 

As  a  general  rule,  the  ratio  between  the  ultimate  compression 
strength  and  the  ultimate  tensile  strength  varies  from  i-/j-2-o. 

Compression  tests  are  rarely  required. 

Bending  Tests 

These  tests  are  not  in  general  use  except  in  the  case  of  springs, 
which  are  subject  to  bending  movement  when  in  use. 
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The  test  is  made  on  samples  supported  between  two  supports. 
Either  the  amount  of  deflection  under  a  given  load,  the  permanent 
deflection  after  subjection  to  a  given  load  or  the  maximum  load 
required  to  fracture  the  test-piece  is  measured. 


Impact  Tests 

These  tests  may  include  bending,  tensile,  and  compression  stresses. 

Obsolete  Impact  Tests. — Impact  tests  subjecting  the  specimen  to 
bending  stresses  are  only  now  employed.  Formerly  impact  tests 
were  carried  out  on  straight  bars,  of  definite  section,  placed  on  two 
supports  a  known  distance  apart.  A  weight  fitted  with  a  knife- 
edge  of  some  definite  shape  was  allowed  to  faU  from  a  known  height. 
Either  the  number  of  blows  required  to  crack  or  fracture  the  specimen 
or  the  deflection  produced  by  a  given  number  of  foot-pounds  of 
energy  formed  the  basis  of  comparison. 

Tests  with  Notched  Ban. — The  above  tests  giving  results  which 
were  not  easily  comparable,  it  was  suggested  that  the  test-piece 
should  be  notched  on  the  side  remote  from  the  load.  Tests  were 
made  with  a  series  of  bars  cut  from  the  same  piece  of  metal  which 
was  presumed  to  be  homogeneous  :  the  tests  were  made  with  blows 
of  varying  magnitude  by  varying  the  length  of  drop  of  the  hammer  ; 
a  figure  was  obtained  which  was  approximately  the  number  of 
ft. -lbs.  of  energy  necessary  to  fracture  the  specimen.  The  actual 
method  used  in  practice  consisted  in  fracturing  the  specimen  with  a 
single  blow  and  then  measuring  the  residual  energy  remaining  in 
the  hammer.  This  value  subtracted  from  the  total  energy  of  the 
falling  hammer  gives  the  energy  required  to  fracture  the  specimen. 
The  factor  or  value  obtained  from  this  test  is  known  as  the  im- 
pact figure  (de- 
noted by  the 
Greek  letter  p) 
and  is  the  num- 
ber of  ft.-lbs.  of 
energy  required 
to  fracture  the 
notched  test  - 
piece  of  definite 
dimensions  ;  its 
value  is  stated 
in  ft.-lbs. 

Types  of  Test- 
pieces.  —  The 

standard  types  of  test-piece  approved  by  the  International  Associa- 
tion for  Testing  Materials  at  Copenhagen  (1909)  are  : — 

The  standard    test-piece  (Fig.  128),  30x30  mm.  cross-section,. 


Plan 


Fig.  128. — Charpy  impact  test-piece  (large  test-piece). 
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i6o  mm.  long,  the  notch  consisting  of  a  circular  hole  4  mm.  diameter, 

at  a  tangent  to  the  axis  of  the  specimen,  and  a  saw  cut  2  mm.  wide 

connecting  the  hole,  along  its  length,  to  the  outside  of  the  specimen. 

The  small  test-piece   (Fig.   129)   is  a  third  of  the  size  of  the 
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Fig.  129. — Charpy  impact  test-piece  (small  size^. 

standard  test-piece:  Cross-section  10x10  mm.,  length  55  mm., 
notch  %  mm.  diameter. 

These  test-pieces  were  designed  by  Charpy. 

The  two  test-pieces  are  homologous,  but  it  must  be  observed 
that  the  values  obtained  from  the  two  sizes  of  test-pieces,  using  the 
same  material,  are  not  identical. 

Other  types  or  patterns  of  test-piece  are  also  used.     Mesnager 
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Fig.  130. — Mesnager  impact  test-piece. 


/  Square  notch  cut  with  a  saw.. 
Fig.  131. — Fremont's  test-piece. 


type:    10x10  mm.  section,  55  mm.  long,  notch  2x2  mm.  with 

rounded  bottom  ;    Fremont  type,  8x10  mm.  section,  30  mm.  long, 

notch  I  XI  mm.  with  square  bottom  (Fig.  131). ^ 

Impact  Testing  Machines. — The  machines  designed  for  impact 
tests  of  notched  bars  are  of  three  varieties. 
The  working  principles  of  these  three  will  be 
described. 

Fremont's  Machine  (Figs.  132,  133). — ^A 
plate  or  platform,  provided  with  a  hole  in  its 
centre  to  allow  the  knife-edge  which  projects 
from  the  end  of  the  hammer  to  pass  through, 
is  supported  on  coil  springs.  The  hammer 
falls  from  a  height  of  four  metres  and  is 
supported  in  vertical  guides. 

The  knife,  projecting  from  the  end  of  the 

hammer,  is  of  such  a  length  that  it  passes  through  the  hole  in  the 

^  Comparisons  of  proportionately  dimensioned  specimens  do  not  appear  to  be 
possible  with  impact  tests.  Impact  test  figures  are  of  no  value  unless  the  shape  and 
dimensions  of  the  test-piece  and  notch  are  also  stated  (Charpy  and  Cornu-Thenard, 
Revue  de  Metallurgie,  March-April,  19x7). 


) 


Fig.  132. — Principle  of 
Fremont's  machine. 
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plate  and  fractures  the  test-piece  before  the  hammer  touches  the 
spring  plate. 

The  knife  therefore  prevents  contact  with  the  plate  until  the 
specimen  is  fractured,  when  the  plate  receives  the  residual  energy 
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Fig.  133.- — Fremont's  impact  testing  machine. 

remaining  in  the  hammer.  Suitable  levers,  etc.,  enable  the  move- 
ment of  the  spring  platform  to  be  measured,  and  the  scale  is 
calibrated  to  read  the  residual  energy  in  the  hammer.  The 
original  total  energy  being  known  (10  or  15  kilos  falling  from  a 
height    of   4    metres)    the   energy  taken    by   the    fracture    of   the 

H 
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test-piece  can  be  calculated  and  the  impact  figure  is  then  easily 

deduced. 

Centrifugal  Impact  Testing  Machine  (Figs.  134-136  cont.). — The 

machine  consists,  essentially,  of  a 
flywheel,  rotated  by  hand,  fitted  with 
a  wedge,  which  is  brought  into  contact 
with  the  specimen  when  the  flywheel 
has  attained  a  definite  speed.  The 
wedge  projects  from  the  edge  of  the 
flywheel  and  fractures  the  test-piece, 
which  is  supported  on  an  adjustable 
plate.  The  fracture  of  the  test-piece 
slows  the  flywheel,  and  the  diminution 

in   speed  serves  as  a  means  of  measuring  the  amount  of  energy 

required  to  fracture  the  test-piece.     The  retardation  is  measured 


Fig.  134. — Principle  of  the  centri 
fugal  impact  testing  machine. 


Fig.  135. — Guillery's  impact  testing  machine. 

by  the  variation  in  height  of  a  manometer  column  registering  the 
supply  pressure  of  a  pump,  with  closed  delivery,  fixed  to  the  fly- 
wheel itself. 

A  machine  recently  constructed  for    the  Societe  Fran^aise  de 


Fig.   [36. — Call  rotating  impact  machine. 


Fig.  136,  continued. — Cail  recording  impact  testing  machine. 
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Constructions  Mecaniques  (Fig.  136  cont.)  to  test  specimens 
30x30  mm.,  is  fitted  with  a  recording  apparatus  consisting  of  a 
small  dynamo  which  is  driven  by  the  flywheel. 

Guillery  has  designed  an  apparatus  which  permits  the  specimen 
to  be  fixed  in  position  (Fig.  135)  ;  the  knife  or  wedge  is  held  in  a 
recess  in  the  flywheel  until  the  correct  flywheel  speed  is  reached, 
when,  by  pressing  a  button,  the  wedge  is  released  by  a  spring  and 
fractures  the  specimen. 

Pendulum  Impact  Testing  Machines  (Figs.  137-139). — ^The 
machine  of  this  type  designed  by  Charpy  consists  of  a  heavy 
pendulum  which  swings  freely  between  two  supports.  The  end  of 
the  pendulum  is  provided  with  a  wedge-shaped  knife,  fitted  in  a 
recess,  which  fractures  the  specimen. 

The  specimen  is  placed  in  a  fixed  position  at  the  base  of  the 

machine,  in  the  path  of  the  pendulum,  and  is  supported  at  both 

y"-^  .  ends.      The  pendulum  is  released  from  a 

^'^;A.  I  fixed    support    and    after    fracturing    the 

/  1    ^^::v     '  specimens  swings  to  a  height  which  varies 

:    [  -^^  -  according  to  the  amount  of  energy  required 

\    I H  /V'^  ^^  fracture  the  test-piece.     At  the  bottom 

\  I  /|\  "-v,  of  its  swing,  the  pendulum,  in  falling,  picks 

f^  /  I  \     ''\\'/'      up  a  small  pointer  which  records  the  height 

!    "^-v.,     /  _i_  ^wJ     the  pendulum  reaches,  after  fracturing  the 

/n  .  specimen,     on    a    graduated    scale.      The 

s^^^^;^j:^^^J^^Aj^^^^^  impact  figure  is  obtained  from  this  reading 

1  by  reference  to  a  table  supplied  with  the 

Fig.      137. — Principle     of  ,  . 

Charpy's  impact  testing         machine. 

machine.  jjjg   machine   is   made   in    three  sizes 

according  to  the  weight  and  distance  of  swing  of  the  pendulum. 
None  of  these  machines  has,  as  yet,  been  adopted  as  standard. 

Precautions  to  be  observed  in  carrying  out  Impact  Tests. — Many 
factors  have  a  great  effect  on  the  values  obtained  from  the  test, 
amongst  which  may  be  cited  : — 

The  angle  of  the  knife  or  hammer. 

The  shape  of  the  anvil  or  support  on  which  the  specimen  is  fixed. 

The  speed  of  impact  (this  point  is  discussed). 

Finally,  the  effect  of  temperature  is  more  appreciable  than  in 
the  tensile  test. 

Charpy  and  Cornu-Thenard  have  suggested  a  method  of 
calibration  based  on  the  measurement  of  the  deformation  of  plain 
specimens  {Revue  de  Met.,  "  Memoires,"  vol.  x.,  p.  1233,  1913). 

According  to  recent  research  by  Charpy  and  Cornu-Thenard 
{Revue  de  Met.,  vol.  xiv.,  p.  84,  1917),  different  types  and  sizes  of 
impact-testing  machines  will  give  practically  identical  results  if  the 
distance  between  the  supports  and  the  shape    (curvature)    of   the 
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support  in  contact  with  the  specimen  during  fracture  are  made 
uniform. 

Results  of  Impact  Tests. — ^The  results  given  by  impact  tests  are 
extremely  interesting,  as  they  provide  information  on  one  of  the 
most  important  defects  of  metallurgical  materials,  a  defect  which 
is  not  shown  by  any  other  test,  namely,  brittleness.  It  is  possible 
to  mention'many  metallurgical  products  which  give  high  values  for 
the  percentage  elongation  and  percentage  reduction  of  area  by  the 
tensile  test  but  which  possess  very  low  impact  figures. 

The  difhculty  of  adopting  the  impact  test  as  a  standard  test  has 
been  the  fact  that  the  figures  obtained  are  only  comparative  within 
certain  narrow  limits. 

It  may  be  stated  that  the  maximum  value  obtained  with  the 
large  Charpy  test-piece  is  approximately  60  kilogram-metres 
(400  ft.-lbs.),  the  minimum  value  being  obviously  o  kilogram-metres  ; 
for  most  material  subjected  to  shock,  a  Charpy  impact  figure  of 
10-12  kilogram-metres  (70-80  ft.-lbs.)  would  appear  to  be  satis- 
factory. In  certain  cases  lower  figures  may  be  accepted.  Thus  the 
steel  frequently  used  for  automobile  gear  wheels  has  a  figure  from 
5-7  kilogram-metres  (35-50  ft.-lbs.)  in  the  condition  in  which  it  is 
used.  Again,  the  leaves  of  automobile  springs  give  a  similar  figure 
in  the  direction  in  which  they  bend  (along  their  length),  but  give  a 
zero  or  very  low  reading  in  the  direction  at  right  angles. 

Further,  it  must  be  observed,  as  in  the  case  of  the  tensile  test, 
that  the  position  and  direction  from  which  the  test-piece  is  taken 
materially  affect  the  values  that  will  be  obtained  and  these  figures 
will  only  be  comparable  when  the  conditions  are  identical. 

Hardness  Tests 

Osmond  defined  hardness  as  the  resistance  to  penetration. 

The  hardness  of  an  alloy  is,  therefore,  not  a  definite  value  but 
depends  on  the  method  of  determination. 

Methods  of  determining  Hardness. — In  commercial  practice 
three  methods  are  in  use  for  the  determination  of  hardness  ;  the 
Martens'  scleroscope,  the  Brinell  hardness  test,  and  the  Shore  sclero- 
scope.  It  should  be  added  that  the  first  is  a  delicate  laboratory 
test,  whilst  the  third,  a  very  simple  operation  in  itself,  has  not  been 
so  satisfactory  as  was  at  first  expected,  owing  to  the  multiplicity  of 
factors  affecting  the  readings. 

Martens'  Method  of  Measurement. — ^The  essential  part  of  the 
Martens'  scleroscope  consists  of  a  needle  or  pointer  terminated  at 
one  end  by  a  diamond.  An  impression  is  made  in  the  material  by 
this  diamond  under  a  given  definite  pressure  and  the  width  of 
the  scratch  produced  is  measured.     The  scratch  is  but  a  few  microns 
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wide  and  the  method  is  therefore  only  suitable  for  laboratory 
tests. 

Another  method  of  using  the  instrument  is  to  vary  the  pressure 
and  thereby  determine  the  minimum  pressure  required  to  produce 
a  scratch  on  the  test-piece. 

Shore's  Method  of  Measurement  (Fig.  140). — In  the  case  of  the 
Shore  scleroscope,  which  is  a  comparatively  modern  instrument,  a 
miniature  hammer  fitted  with  a  hard  point  (sapphire,  or  hard  steel) 
is  allowed  to  fall  on  the  specimen  from  a  definite  height  of  approxi- 
mately 10  inches,  and  the  rebound  is  measured.  The  hammer  falls 
through  a  small  graduated  glass  tube  and  it  is  lifted,  by  suction 
produced  by  means  of  an  indiarubber  bulb,  to  its  release  position, 


Fig.  140. — Shore  scleroscope. 


where  it  is  retained  by  small  hooks,  also  pneumatically  operated  by 
the  same  bulb.  It  is  admitted  that  the  rebound  is  dependent  on 
the  superficial  hardness,  but  it  depends,  not  only  on  the  hardness, 
but  also  on  the  mass  of  the  specimen  and  the  condition  of  its  surface. 
This  method,  which  possesses  enormous  advantages,  mainly  with 
regard  to  speed  of  operation  and  absence  of  damage  to  the  articles, 
requires  great  care  in  its  use. 

The  accuracy  of  the  results  will  obviously  depend  on  the 
horizontality  of  the  surface  of  the  specimen,  and  also,  more  particu- 
larly, on  the  finish  of  this  surface,  quenching  flaws,  the  number  of 
rebounds  on  the  same  spot,  mass  of  the  article  tested,  etc.  1 

Brinell's  Method  of  Measurement  (Fig.  141). — Brinell's  method 
of   hardness   testing   dates   from   1900  ;    it   is   in   general   use   for 

^  See  Portevin  and  Berjot,  Rev.  de  Met.,  vol.  vi.  p.  61,  1910. 
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commercial  tests.  The  principle  employed  is  as  follows  :  A  very  hard 
ball  (quenched  chrome  steel  ball)  is  pressed  under  a  known  pressure 
into  the  material  to  be  tested,  the  two  surfaces  of  the  test-piece 
having  previously  been  made  approximately  parallel.  Under  the 
given  load,   the  steel  baU  of    definite  diameter  (usually  lo  mm.) 

makes  a  circular  curved  depression.  The 
diameter  of  the  depression  at  the  surface  of 
the  test-piece  is  easily  measured  and  from 
this  is  calculated  the  area  of  the  depression 
=a  ;  the  load  P  being  known,  the  hardness 
number  A  is  given  by  the  equation 


A  = 


Fig.  141. — Principle  of  the 
Brinell  hardness  test. 


It  will  be  noted  that  the  softer  the  metal 
the  greater  the  value  of  a  and  the  lower 
the  hardness  A.  Numerous  researches  have  been  made  on  this 
method  of  hardness  testing. 

These  researches  have  shown  the  relationship  existing  between 
the  hardness  numbers  obtained  from  the  same  sample  of  material 
using  different  loads,  the  other  conditions  being  identical. 

Benedicks,  in  his  research  on  carbon  steels  (1904),  proposed  the 
following  formula  : — 

/_+Po      /^ 
/  +  P  VDo 


An=A 


Aq  being  the  Brinell  hardness  number,  obtained  with  a  load 
Pq  and  a  ball  of  diameter  Dq,  and  A  the  Brinell  number  with  a 
load  P  and  a  ball  of  diameter  D.  In  this  formula  the  value  of  /  is 
dependent  on  the  value  of  P  ;  it  can  be  determined  experimentally 
within  certain  limits. 

The  Brinell  test  is  extremely  interesting  because  of  the  relation- 
ship that  has  been  found  to  exist  between  the  Brinell  number  A 
and  the  ultimate  strength  R  of  any  material. 

In  many  cases  this  relation  corresponds  to  an  equation  : 

R=C  X  A 

C  being  a  constant  which  has  to  be  determined  for  any  given 
material  and  which  has  been  accurately  determined  in  the  case  of 
annealed  carbon  steels  and  found  to  equal  0*35  (mean  value). 

The  value  of  C  also  varies  with  samples  of  the  same  material 
tested  in  different  directions  (direction  of  rolling,  etc.).  In  a  recent 
research  {Revue  de  Met.,  vol.  viii.,  "  Memoires,"  p.  251,  1911), 
M.  Grard  has  given  the  results  of  very  accurate  determinations  of 
the  value  of  C  for  certain  steels.     He  has  found  : 
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Values  of  C 

for  tests. 

Perpendicular 

0  the  direction 

of  rolling. 

0-360 
0-355 
0-353 
0-349 

Parallel 

0  the  direction 

of  rolling. 

o'345 
0-342 

0-337 
0-321 

Extra-mild  steel  (A<^i2o) 

Mild  steels  (i20<A<;i6o) 

Medium  carbon  steels  (i6o<[A< 1 80) 

Hard  steels  (A<i So) 

In  the  case  of  copper  and  annealed  brasses,  C=o-5o.^  This 
relationship  cannot  be  generally  applied.  Thus,  as  a  typical  example, 
it  is  not  possible  to  compare  copper  in  the  annealed  state  and  after 
varying  amounts  of  cold-work. 2 

Moreover,  it  must  be  observed  that  the  hardness  numbers  are 
not  to  be  relied  upon  when  they  exceed  the  value  500.  This  is  no 
doubt  due  to  the  deformation  that  the  steel  ball  itself  must  undergo 
during  the  test  on  such  hard  materials.  Many  alloys  as  cast  give 
irregular  impressions.  This  is  due  to  the  mechanical  anisotropism 
of  the  particles  of  solidification.  3 

Certain  precautions  are  necessary  if  the  results  obtained  from 
BrineU  hardness  tests  are  to  be  comparable  with  each  other.  The 
metal  to  be  tested  must  always  be  in  the  same  state  (annealed,  etc.) . 
Further,  it  is  advisable  to  remove  the  outside  skin  from  the  test- 
pieces  as  this  may  change  during  annealing  (decarburisation  of  steels) . 

Finally,  it  is  necessary  to  allow  the  load  to  remain  on  the  test- 
piece  a  sufficient  time  to  give  a  complete  impression  and  also  to  note 
that  the  impressions  are  sufficiently  far  apart  for  the  work-hardness 
produced  by  the  impressions  not  to  interfere  with  the  successive 
readings. 

Below  is  given  a  list  of  BrineU  numbers  for  typical  metals  and 
alloys  ;  these  alloys,  if  not  otherwise  stated,  have  been  rolled  and 
annealed  ;  the  tests  were  made  with  a  load  of  3000  kilos  and  a  ball 
10  mm.  diameter. 


Extra-mild  steel 

no 

Medium  carbon  steel 

170 

Hard  steel . . 

315 

Bronze  :   Cu  90,  Sn  10  cast 

80 

Cu  84,  Sn  16  cast 

117 

Brass  :   Cu  90,  Zn  10 

52 

Cu  80,  Zn  20 

54 

,,         Cu  70,  Zn  30 

56 

Cu  65,  Zn  35 

58 

Cu  62,  Zn  38 

70 

Cu  60,  Zn  40 

80 

Cu  58,  Zn  42 

90 

Cu  58.  Zn  40,  Pb  2 

84 

Aluminium  Bronze  :   Cu  95,  Al  5 

80 

Cu  90,  Al  10 

120 

Cupro-Nickel  :   Cu  90,  Ni  10 

44 

Cu  80,  Ni  20 

47 

Cupro-Nickel-AIuminiura  :   Cu  83.  Ni  15,  Al  2 

191 

1  Guillet,  Revue  de  Met.,  "  Memoires,"  p.  1115,  1914. 

2  Guillet.  Revue  de  Met., 

"  Memc 

Dires,"  1 

0.  8ig 

.  1915- 

»  Portevin,  Revue  de  Met.,  "  Memoires,"  p.  95.  1915- 
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There  are  three  types  of  machines  in  use  for  Brinell  hardness 
tests  : 

The  weighted  lever  machines,  which  are  the  simplest,  the  most 
constant,  and  the  easiest  to  adjust ;  those  in  which  the  pressure  or 
load  is  produced  by  a  small  hydraulic  press,  the  pressure  being 
read  on  a  graduated  gauge  ;  those  working  at  a  fixed  pressure  which 
is  produced  by  springs  which  are  compressed  by  a  definite  load. 

In  the  first  class  are  included  the  Leon  Bollee  and  Derihon 
machines  ;  in  the  second,  those  of  the  Aktiebolaget  Alpha  ;  in  the 
third,  the  machines  produced  by  Guertler  and  the  Societe  francaise 
de  constructions  mecaniques. 

Martens  and  Heyn  have  suggested  the  measurement  of  the 
depth  of  the  impression  as  an  alternative  method  to  the  measure- 
ment of  its  diameter.  In  machines  arranged  for  this  form  of 
measurement  the  load  is  applied  from  below  and  three  small  pointers 
rest  on  the  specimen  outside  the  area  affected  by  the  impression. 
The  ball  remains  stationary  and  the  test-piece  moves  upwards  as 
the  impression  is  formed.  The  three  pointers  operate  a  small  piston 
which,  in  turn,  regulates  the  height  of  a  mercury  column  in  a  small 
graduated  capillary  tube.  The  depth  of  the  impression  is  read  direct 
from  the  graduated  tube. 

It  may  be  mentioned  that  there  is  not  in  every  case  a  definite 
connection  between  the  Brinell  hardness  number  and  the  machining 
qualities  of  any  material.  The  most  typical  example  of  this  kind 
is  given  by  the  high  nickel  steels  which  are  extremely  difficult  to 
machine,  but  which  have  a  hardness  number  of  only  120.  A  large 
number  of  cast  alloys,  especially  those  containing  hard  metals 
(bearing  metals,  hard  bronzes,  etc.),  give  very  irregular  impressions. 

The  other  mechanical  tests  to  which  metallic  products  may  be 
subjected,  such  as  bending,  shearing,  punching,  torsion,  and  impact 
tests,  may  be  considered  as  alternative  works  tests  of  less  importance 
than  those  described.  They  will  not  be  included  in  the  present 
description,  which  is  intended  merely  as  an  outline  of  the  most  general 
tests  used  in  commercial  practice  as  a  guarantee  of  the  quality  of 
the  material. 


RELATION  BETWEEN  THE  MECHANICAL  PROPERTIES 
AND  THE  CONSTITUTION 

The  connection  between  the  mechanical  properties  and  the 
constitution  of  metals  and  alloys  will  now  be  described.  The  general 
principles  must  first  be  considered. 

I.  There  is  a  definite  relation  between  the  crystal  grain  size  and 
the  mechanical  properties,  chiefly  brittleness,  which  increases,  other 
conditions  being  constant,  with  the  size  of  the  grains.     However, 
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Stead  has  stated  that  it  is  possible  for  an  alloy  consisting  of  small 
grains  similarly  oriented  to  be  more  fragile  than  one  consisting  of 
larger  grains. 

2.  All  compounds,  whether  formed  on  passing  from  the  liquid 
state,  or  due  to  a  secondary  reaction  occurring  in  the  solid  state,  are 
brittle  and  usually  hard. 

3.  A  solid  solution  corresponding  to  a  maximum  of  the  liquidus 
exhibits  the  same  properties,  which  tends  to  confirm  the  opinion  of 
Tammann  that  such  a  solution  is  formed  by  a  compound  dis- 
solving. 

4.  A  solid  solution,  approximating  to  a  pure  metal,  exhibits 
certain  mechanical  properties  analogous  to  those  of  the  metal.  If 
the  metal  is  ductile,  the  solution  will  also  be  ductile,  while  if  the  metal 
is  brittle,  the  solution  will  exhibit  similar  properties.     This  difference 

n  the  properties  of  definite  compounds  and  solid  solutions  may  be 
due  to  the  fact  that  in  general  the  first  soHdify  as  regular  convex 
crystals,  and  the  second  as  a  mass  of  interlocking  dendrites  or  tree- 
like structures. 

It  is  possible  from  these  principles,  determined  from  experience, 
to  deduce  certain  interesting  rules.  ^ 

If  the  equilibrium  diagram  shows  the  two  metals  as  entirely 
miscible,  the  mechanical  properties  of  the  alloys  of  the  system  will 
vary  continuously  from  those  of  the  one  metal  to  those  of  the  other 
metal.  It  is  therefore  possible  to  infer  that  a  diagram,  in  which  the 
liquidus  consists  of  a  single  branch  of  a  curve  without  transformations 
in  the  solid  state,  can  only  be  formed  by  two  metals  whose  mechanical 
properties  are  not  opposed  ;  thus  a  malleable  and  a  non-malleable 
metal  are  not  completely  miscible  in  the  soHd  state,  but  two  malleable 
metals  (gold  and  silver)  or  two  non-malleable  metals  (antimony  and 
bismuth)  may  be  miscible  in  all  proportions  in  the  solid  state. 

If  the  two  metals  give  a  diagram  which  indicates  that  they  are 
deposited  side  by  side  in  the  different  alloys  formed,  giving  rise  to 
a  eutectic,  three  cases  are  possible  : — 

1.  The  two  metals  are  malleable  (the  properties  of  the  metals 
at  ordinary  temperatures  are  here  considered)  ;  then  all  the  alloys 
will  be  malleable. 

2.  The  two  metals  are  not  malleable  ;  none  of  the  alloys  are 
malleable. 

3.  One  metal  is  malleable,  the  other  non-malleable  ;  the  alloys 
will  be  malleable  up  to  the  eutectic  concentration. 

Moreover,  it  should  be  observed  that  a  non-malleable  metal  only 
seriously  affects  the  properties  of  the  alloy  when  it  occurs  in  the  free 
state,  which  is  not  considered  the  case  when  it  is  present  as  fine 
lamellae  in  a  eutectic. 

^  Guillet. 
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The  shape  of  the  particles  also  affects  the  mechanical  properties, 
as  shown  by  the  cementite  needles  tending  to  increase  the  brittleness 
of  steels. 

Further,  Kurnakow  and  Zemczuzny  have  put  forward  the  follow- 
ing conclusions,  deduced  from  the  study  of  metals  forming  solid 
solutions  : 

1.  The  formation  of  solid  solutions  is  accompanied  by  an  increase 
of  hardness  as  compared  with  the  hardness  of  the  components. 

2.  In  the  case  of  two  metals  completely  miscible  in  the  solid 
state,  the  variation  in  hardness  as  a  function  of  the  concentration 
is  shown  by  a  continuous  curve  with  a  maximum.  This  maximum 
value  corresponds  with  the  minimum  electrical  conductivity  as 
previously  described  (see  p.  59). 

3.  With  a  mechanical  mixture  of  two  constituents,  the  hardness 
is  a  linear  function  of  the  chemical  composition. 

4.  With  metals  partially  soluble  in  the  solid  state,  the  limits 
of  miscibility  are  indicated  as  a  break  in  the  curve  in  which  the 
hardness  is  plotted  as  a  function  of  the  concentration. 

Also  the  diagram  showing  the  hardness  as  a  function  of  the 
chemical  composition  is  the  inverse  of  that  showing  the  electrical 
resistance  as  a  function  of  the  chemical  composition  (see  p.  59). 

Further,  it  may  be  stated  that,  for  most  purposes  (bearings 
and  frictional  materials  excepted),  the  best  mechanical  results  are 
obtained  from  any  alloy  when  its  structure  is  as  homogeneous  as 
possible,  either  as  cast,  or  after  further  treatment.  Henry  Le 
Chatelier  has  stated,  "  The  best  result  is  obtained  when  the  microscope 
shows  nothing." 

It  must  be  noted  that  certain  structures  indicate  well-defined 
properties  :  the  martensitic  structure  met  with  in  many  quenched 
materials  is  characteristic  of  the  maximum  state  of  hardness  of  any 
material  ;  the  presence  of  a  definite  compound  denotes  good  frictional 
properties  in  proportion  to  the  content  of  these  crystals. 

Finally,  if  the  structure  consists  of  two  constituents,  the 
mechanical  properties  are  proportional  to  the  amounts  of  the 
respective  constituents  present.  A  special  example  of  this  type 
will  be  mentioned  in  a  later  chapter  when  considering  the  apparent 
compositions  of  certain  special  copper  alloys ;  the  chemical 
composition,  in  these  cases,  giving  very  little  information  as  to 
the  mechanical  properties,  a  microscopical  examination  must  be 
made. 

It  must  be  clearly  understood  that,  in  examining  the  equilibrium 
diagram  of  binary  alloys,  there  will  be  found  areas  consisting  of 
one  constituent  (solid  solutions)  and  areas  containing  two  con- 
stituents (two  metals,  one  metal  and  a  solid  solution,  one  metal  and 
a  compound,  two  solid  solutions  or  two  compounds).     It  has  been 
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previously  stated  that,  in  an  area  consisting  of  one  constituent,  no 
direct  relation  exists  between  the  mechanical  properties  and  the 
constitution. 

In  an  area  containing  two  constituents,  it  appears  certain  that 
the  law  of  proportionality  will  apply,  and  that  any  property  will" 
var}''  according  to  a  straight  line  connecting  the  values  of  this  pro- 
perty possessed  by  the  respective  constituents.  But  it  has  been 
shown  that  the  size  of  the  structure  also  affects  the  mechanical  pro- 
perties. Two  cases  will  be  considered  :  the  two  constituents  either 
do  or  do  not  form  a  eutectic  or  eutectoid.  If  they  do  not  form 
a  eutectic  or  eutectoid,  the  other  conditions  being  constant  (more 
particularly  the  mechanical  and  heat  treatments),  the  law  of  pro- 
portionality will  apply.  If  the  eutectic  is  formed  it  may  possess 
certain  distinctive  properties,  such  as  exceptional  hardness,  etc. 
The  rule  of  proportionality  will  now  apply  not  between  the  con- 
stituent metals,  but  between  the  eutectic  and  the  one  constituent, 
and  again  between  the  eutectic  and  the  other  constituent.  ^ 

Various  Treatments  to  which  Metals  and  Alloys  are  subjected  and  the 
Effects  of  such  Treatment  on  the  Mechanical  Properties 

Metals  and  alloys  are  subjected  to  various  treatments  to  enable 
them  to  satisfy  two  main  conditions : 

1.  That  they  may  have  a  suitable  form  or  shape  for  commercial 
use. 

2.  To  impart  certain  definite  qualities. 

Such  treatment  may  be  classified  under  three  headings  : 

(i)  Mechanical  treatment,  which  satisfies  both  the  requirements 

above  mentioned,  consists  in  working  the  metal  at  atmospheric  or 

higher  temperatures,  the  correct  temperature  being  dependent  on 

the  metal. 

There  are  many  forms  of  mechanical  treatment.     The  chief  are  ; 

forging,    rolling,    swaging,    solid-drawing    and    wire -drawing,    but 

stamping,  die-stamping,  etc.,  may  be  added. 

(2)  Chemical  treatment,  the  object  of  which  is  to  modify  the 
mechanical,  physical,  or  chemical  properties  of  the  original  material 
by  chemical  means. 

The  principal  forms  of  chemical  treatment  are  :  cementation 
(case  hardening),  dipping  and  electro-depositing,  soldering  and 
brazing. 

(3)  Heat  treatment,  in  which  only  the  temperature  of  the  metal 

^  The  maximum  relative  hardness  of  the  eutectic  alloy  is  destroyed  by  suitable 
annealing  ;  this  has  been  demonstrated  by  Glasunow  and  Matueieff  in  the  case  of  the 
cadmium-zinc  series.  Thus  it  is  possible,  by  coalescence  (p.  77),  to  re-establish  the 
direct  relationship  between  the  hardness  and  the  proportions  of  the  constituents 
(see  Portevin  and  Bernard,  "  The  Effect  of  Coalescence  on  the  Mechanical  Properties 
of  Alloys,"  Revue  de  Met.,  vol.  xii.  p.  143,  1915). 
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is  changed  and  the  object  of  which  is  to  impart  certain  definite 
quahties  to  the  material.  The  various  types  of  heat  treatment  are 
known  as  quenching,  anneahng,  tempering ;  the  last  being  a  special 
form  of  anneahng. 

Autogeneous  welding  might  possibly  be  regarded  as  a  type  of 
heat  treatment. 

Finally  casting,  which  consists  in  allowing  a  molten  metal  to 
solidify  in  a  mould  of  definite  shape,  precedes  both  thermal  and 
mechanical  treatment. 

Mechanical  Treatment 

This  subject  will  only  be  dealt  with  in  the  present  volume  as 
regards  the  alterations  that  occur  in  the  structure  and  the  mechanical 
properties  of  the  metal. 

Cast  Metal. — Consider  first  of  all  the  cast  metal,  as  it  leaves  the 
foundry.  It  matters  little  whether  it  is  an  ingot  for  the  rolling  mill 
or  a  definite  casting  which  will  be  used  without  further  mechanical 
treatment. 

It  has  been  shown  (pp.  70  and  74)  that  the  rate  of  solidification 
and  the  subsequent  rate  of  cooling  affect  the  structure  of  alloys 
and  consequently  the  mechanical  properties. 

The  rates  of  solidification  and  cooling  depend  on  the  casting 
temperature,  the  size  of  the  ingot  or  casting,  the  temperature  of  the 
mould,  the  material  from  which  the  mould  is  made  (sand  or  metal- 
chill  castings).  It  is  possible  by  variation  of  these  factors  to  modify 
the  physcio-chemical  condition  of  the  alloy — ^grain  size,  etc. 

By  such  variations  it  is  possible  with  the  same  pig  iron  to  obtain 
the  stable  conditions  of  equilibrium-graphite  (grey  cast  iron), 
or  the  labile  equilibrium  cementite  (white  iron,  see  p.  133),  in  which 
case,  with  the  same  carbon  content,  all  the  mechanical  properties 
are  changed ;  a  practical  application  of  this  is  found  in  the  manu- 
facture of  chill  cast  rolls  for  rolling  mills  which  have  an  outer  surface 
of  extremely  hard  white  iron. 

If  the  alloy  consists  of  two  or  more  constituents,  the  particles  of 
solidification  of  each  constituent  increase  in  size  as  the  solidification 
becomes  slower.  The  bearing  metals  may  be  taken  as  a  typical 
example  ;  their  frictional  qualities  depend  on  the  formation  and 
size  of  the  crystals  of  the  compounds  SbSn  and  CusSn  (see  Chap.  V., 
p.  250). 

In  the  case  of  a  solid  solution,  the  rate  of  cooling  affects  firstly 
the  chemical  homogeneity  of  the  solid  solution,  and  secondly  the 
size  of  the  crystal  grains.  Since  any  further  transformations  are 
dependent  on  this  granular  structure,  the  effects  of  this  structure 
are  evident  even  after  such  transformations  (cellular  or  network 
structure  or  Widmanstaelten  structure),  and  consequently  exert  an 
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influence,  even  in  this  case,  on  the  mechanical  properties  of  the 
material,  creating  in  this  manner  a  type  of  hereditary  effect  due  to 
the  original  solidification.  In  the  following  tables  are  given  some 
typical  examples  of  the  effect  of  varying  casting  temperatures  on 
the  properties  of  certain  alloys.  The  figures  are  quoted  from 
researches  carried  out  by  Longmuir. 
I.  Bronze  :    Cu=88,  Sn=io,  Zn=2. 


Casting 
temperature. 

Ult.  stress 
(tons  sq.  in.). 

Elastic  limit 
(tons  sq.  in.). 

Percentage 
elongation 
(loo  mm.). 

Percentage 

reduction 

in  area. 

"73°  C. 
1069°  C. 

965°  c. 

8-33 
1476 
10-98 

6-44 
8-46 
8-96 

5-2 

14-5 
50 

14*3 

16-7 
6-4 

2.  Brass  :   Cu=65,  Zn=35. 


Casting 
temperature. 

Ult.  stress 
(tons  sq.  in.). 

Elastic  limit        Percentage          Percentage 
(tons  sq.  In.).        elongation      |       reduction 
'           ^        '           (100  mm.).             in  area. 

1182° 

1020° 

850° 

11-48 
12-62 

7-38 

4"35                  377                   37 
3'9l                  43'o                    35 
3-91                  15-0                   J5 

The  effect  of  annealing  on  cast  material  will  be  described  later. 

Forged  or  Rolled  Metal. — The  case  of  an  ingot  that  has  been  forged 
will  now  be  considered.  The  forging  may  have  been  performed 
either  with  a  steam-hammer,  a  hydraulic  press,  or  in  the  rolling  mill. 
It  is  recognised  that  rolling  tends  to  create  an  elongated  structure 
and  therefore  the  material  will  be  stronger  in  one  direction  (see 
Chap,  VI.,  Macrostructure  of  Steels).  It  has  always  been  the 
accepted  view  of  metallurgists  that  the  hydraulic  press  gives  superior 
results  to  the  hammer  ;  but,  Charpy's  interesting  researches  appear 
to  prove  that  the  method  of  forging  has  very  little  effect  on  the 
qualities  of  the  material  (Genie  civil,  17  fev.,  1917).  The  forging 
temperature  is  the  most  important  consideration  ;  the  operation 
may  be  performed  at  atmospheric  temperature  or  at  higher  tem- 
peratures ;  but,  in  any  case,  the  temperature  must  be  below  that  of 
the  solidus,  otherwise,  during  the  operation  the  liquid  portion  of  the 
alloy  would  be  squeezed  out  of  the  ingot. 

As  a  general  rule,  the  temperature  at  which  the  material  is  most 
ductile  is  chosen.  However,  certain  metals  such  as  lead,  aluminium, 
and  iron  can  be  rolled  both  hot  and  cold  ;  consequently,  the  type  of 
work,  the  finish  required,  etc.,  wiU  be  the  deciding  factors  as  to 
whether  hot  or  cold  rolling  will  be  the  method  employed.  It  is  there- 
fore necessar}^,  in  order  to  determine  the  best  rolling  temperature,  to 
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know  the  effect  of  change  of  temperature  on  the  properties  of  the 
material.  Many  recent  researches  have  been  undertaken  to  deter- 
mine these  variations.  A  few  of  the  results  obtained  are  given  by 
the  curves  Figs.  142,  143. 

It  will  be  seen  that,  with  copper,  the  ultimate  stress  decreases 
with  rise  of  temperature,  being  very  low  in  value  above  650°,  whilst 
the  percentage  elongation,  which  remains  fairly  constant  up  to  that 
temperature,  increases  greatly  in  value  between  750°  and  1000°  C 
Again,  the  ultimate  stress  of  aluminium  becomes  very  low  at  400° 
and    the    percentage    elongation   increases    tremendously   between 

Variations  in  the  Ultimate  Strength  and  %Elongation 
■with  change  of  Temperature. 
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Rolled  Copper 

Rolled  Aluminium 

.,,.,  ^..^^^^^^, Rolled  Cupro  Nickel       {80-20) 

Cast  Brass  (7o-3o) 

Rolled  Brass  (60io) 


Figs.  142,  143. 


400°  and  600°  C.  Cupro-nickel  containing  80  per  cent.  Cu  has  a 
very  low  ultimate  stress  above  700°  C,  whilst  the  percentage  elonga- 
tion increases  above  that  temperature  ;  brass,  containing  70  per 
cent,  copper,  has  very  low  ultimate  stress  and  percentage  elongation 
at  400°  C,  and  since  the  elongation  only  increases  between  600° 
and  700°  C.  the  temperature  limits  are  too  close  to  permit  of  hot 
rolling,  whilst  brass  containing  60  per  cent,  copper,  which  has  the 
same  ultimate  stress  as  the  previous  alloy,  has  a  much  greater  per- 
centage elongation  above  400-500°  C,  and  is  therefore  suitable  for 
hot  rolling. 

\k  In  several  instances  metals  and  alloys  which  it  is  impossible  or 
extremely  difficult  to  roll  in  the  cold  are  easily  hot  roUed.     Zinc  is 
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a  typical  example  of  such  a  metal ;  extremely  brittle  at  ordinary 
temperatures  it  can  be  easily  rolled  at  125°  C.  Examples  of 
alloys  of  this  type  are  :  brasses  containing  between  57  and  63 
per  cent,  copper,  and  steels  containing  more  than  o-2-o'3  per 
cent.  C. 

The  connection  with  the  equilibrium  diagram  is  very  clearly 
shown  in  this  case.  At  ordinary  temperatures  these  alloys  contain 
a  non-malleable  constituent  which,  on  heating  above  the  trans- 
formation temperature,  is  converted  into  a  malleable  constituent. 
It  is  obvious  that  with  these  alloys  the  temperature,  during  forging 
operations,  must  be  maintained  above  the  transformation  tempera- 
ture if  cracks  in  the  metal  are  to  be  avoided.  It  is  not  only 
allo^^s  with  transformation  points  which  may  or  should  be  forged 
at  high  temperatures,  but,  the  properties  of  certain  materials  change 
with  alteration  of  temperature  in  such  a  manner  that  they  are  only 
workable  at  definite  temperatures.  The  comparative  curves  for 
copper  and  aluminium  (Figs.  142,  143)  indicate  that  the  operation 
of  rolling  wiU  be  more  easily  performed  at  800°  C.  for  the  former  and 
400°  for  the  latter,  than  at  atmospheric  temperature. 

If  any  material  is  to  be  worked  commercially,  at  a  high 
temperature,  it  is  essential  that  the  material  shaU  possess  the 
property  of  a  high  percentage  elongation  over  a  comparatively 
wide  range  of  temperature,  which  is  not  the  case  with  70  Cu  :  30 
Zn  brass. 

The  connection  which  exists  between  the  equilibrium  diagram 
and  the  suitability  of  the  material  for  cold  roUing  has  already  been 
mentioned,  but  experience  seems  to  justify  the  further  statement 
that  the  only  alloys  suitable  for  cold  rolling  are  solid  solutions 
approximating  to  pure  metals  that  can  be  cold  roUed  and  alloys 
containing  a  very  smaU  quantity  of  any  non-malleable  material  at 
atmospheric  temperature  (very  mild  steels). 

As  regards  the  alterations  to  the  properties  and  structure  of  the 
material,  there  is  a  marked  difference  between  cold  and  hot 
roUing.  From  the  practical  point  of  view  the  two  methods  of  treat- 
ment are  entirely  different.  The  speed  of  the  rolls  is  very  much 
slower  for  cold  rolling  than  for  hot  rolling  (in  the  case  of  brass  : 
40  revs,  per  minute  instead  of  200).  The  rolls  in  a  cold-rolling 
mill  are  of  very  much  larger  diameter  than  those  used  for  hot 
rolls  (for  brass  rod:  18  ins.  instead  of  8-12  ins.).  The  process 
of  cold  rolling  bars  is  carried  out  by  reducing  through  flat  plates 
and  round  passes  ;  while,  in  hot  roUing,  the  rolls  are  fitted  with 
oval  and  splayed  circular  passes.  ^Moreover,  the  method  of  working 
is  quite  different ;  for  with  cold  rolling,  it  is  necessary,  owing  to 
the  hardening  effect  produced,  to  anneal  the  metal  after  several 
passes  through  the  rolls,  whilst  in  hot  rolling  only  one  heating  or 
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at  most  one  or  two  reheatings  are  required  before  the  material 
is  in  the  finished  state.  Further,  a  hot  mill  requires  a  more 
complicated  installation  as  regards  power  and  labour  than  a 
cold  mill. 

The  question  of  the  properties  and  structure  of  the  material  will 
now  be  further  considered. 

The  first  effect  of  rolling  is  to  destroy  the  structure  of  the  cast 
metal,  by  deforming  and  breaking  down  the  crystal  grains.  Hot- 
rolled  metal  is  usually  more  evenly  affected  throughout  the  mass 
than  cold-rolled  metal.  The  reservation  usually  is  added,  as 
certain  exceptionally  malleable  metals,  for  example,  lead.i  are 
similarly  affected  by  either  treatment.  Moreover,  cold-work 
produces  a  much  greater  hardening  effect  than  hot-work  ;  but, 
the  effects  of  cold-work  (hardening,  strains,  etc.),  consisting  of 
modifications  of  the  properties  of  the  material  due  to  permanent 
deformations,  disappear  on  heating  to  a  comparatively  high  tem- 
perature (annealing).  Therefore,  if  the  work  producing  this  deforma- 
tion is  carried  out  at  the  annealing  temperature,  the  hardening 
effect  will  be  practically  nil.  It  appears  that  work  hardness  is  brought 
about  by  the  deformation  of  the  grains  along  internal  moving 
surfaces  or  gliding  planes. 

Beilby  has  given  the  further  theory  that  the  work-hardness  is 
due  to  an  amorphous  layer  of  material  formed  between  the  crystals. 
In  any  case,  the  work-hardened  material,  when  viewed  under  the 
microscope,  shows  the  crystal  grains  to  have  been  distorted  and  if 
the  amount  of  cold-work  has  been  sufficient  these  grains  will  have 
disappeared. 

Drawn  Metal. — If  material  is  examined  that  has  been  subjected 
to  the  other  forms  of  mechanical  work  in  the  cold,  producing  greater 
deformation  than  rolling  or  forging,  the  effects  of  work-hardness 
will  be  far  more  evident. 

Wire-drawing  is  a  particularly  good  example  of  this  type  of  treat- 
ment, as  it  consists  in  drawing  the  material  through  a  series  of  dies 
of  decreasing  cross-section.  The  die  regulates  the  size  and  shape 
of  the  finished  product  and  frequently  imparts  a  very  high  polish 
to  the  material.  Such  treatment,  if  carried  out  at  ordinary  tem- 
peratures (usual  practice),  gives  rise  to  considerable  work-hardness 
in  the  material,  and  the  crystal  grains  are  therefore  considerably 
deformed. 

The  data  tabulated  below  enable  the  effects  of  such  treatment  to 
be  appreciated  :  rolling  improves  the  mechanical  properties  of  cast 
metal,  renders  it  more  homogeneous  and  lessens  the  physical  defects  ; 
this  is  shown  by  the  increase  in  the  ultimate  stress,  elastic  limit, 
percentage  elongation,  and  impact  figures. 

1  Lead  undergoes  spontaneous  recrystallisation  at  ordinary  temperatures. 
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DETERMINATION    OF   THE   ELASTIC   LIMIT   BY   FREMONT'S   METHOD. 


Fig.  125. — Test-i^iece  polished  aud  deformed. 
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Fig.  126. — Portiou  of  test-piece  situated  at  the  extremity  of  the  deformatiou. 


PI.  XVIII. 


RECRYSTALLIZATION  OF  COLD  ROLLED  ALUMINIUM. 

(II.  Le  Chatelier  ) 


Fig.  144. — Aluminium  uuchanged. 
( X  200.) 


Fig.  145.— Eecrvstallizjcl  aluminium. 
(X  200.) 


Fi(..  14G. — Kecrystallized  aluminium. 

Unetchcd. 

(X  50.) 


Fig.  147. — llccrystallized  aluminium. 

Slight  clectrolj'tic  etching. 

(X  50.) 
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Examples  (the  figures  for  rolled  metal  are  for  metal  that  has  been 
annealed  after  rolling  in  order  to  remove  work-hardness,  etc.)  : — 


Ult.  stress 
(tons  sq.  in.). 

Percentage 
elongation. 

Cast  steel        

26-50 

22 

rolled 

28-40 

26 

Special  brass,  cast     . 
rolled  . 
Aluminium,  cast 

23"35 
28-40 

6-31 

25 

30 

8 

,,           rolled     . 
Copper,  cast    . . 
rolled 

7'57 

? 

13-88 

15 

? 

50 

It  will  be  observed  that  no  figures  are  given  for  cast  copper  as 
it  is  practically  impossible  to  cast  the  metal  in  a  sound  condition. 

If  rolled  metal  is  subsequently  drawn  there  is  an  increase  in  the 
ultimate  stress  and  a  very  marked  increase  in  the  elastic  limit,  at 
the  same  time  the  percentage  elongation  and  the  impact  figures 
are  decreased. 

The  following  tests  were  all  carried  out  on  round  bars  22  mm. 
diameter  after  rolling,  and  20  mm.  diameter  after  drawing  : — 


Annealed  steel     . . 

,,     drawn   .  . 
Annealed  brass    . . 

,,  ,,     drawn   . . 

Annealed  nickel  silver,  10%  Ni 
,.  ,,  drawn.. 


Ult.  stress 
(tons  sq.  in.). 


Elastic  limit. 


23-03 
29-09 

23'i5 
27-82 
10-29 
I2'33 


16-72 

22-27 

8-39 

26-56 

1-7 
10-29 


Percentage 
elongation. 


27 

14 
40 
21-5 
40 

14 


Impact 
figure. 


32 
10 

7 

5 

14 


The  large  increase  in  the  elastic  limit  caused  by  cold-working 
will  be  noticed,  especially  in  the  case  of  nickel-silver. 

The  alteration  in  the  mechanical  properties  is  not  the  only  effect 
produced  by  cold-work — the  chemical  properties  are  also  affected ; 
with  but  few  exceptions,  other  conditions  being  constant,  cold- 
worked  metals  are  more  readily  attacked  than  the  same  metals  in 
the  annealed  state. 

Recent  research  by  Henry  Le  Chatelier  and  also  by  Heyn  and 
Bauer  has  shown  that  cold-worked  aluminium  may  disintegrate 
rapidly  without  chemical  change.  Aluminium  possesses  a  very 
marked  network  or  cellular  structure  and  the  change  occurs  by  the 
separation  of  these  cells  or  crystals  from  the  mass   (PI.   XVIII., 

Figs.  144-147)- 

Cohen  has  studied  the  interesting  changes  that  occur  in  the 
metal  tin  and  in  the  brasses  ;  these  changes  may  be  explained  in  a 
different  manner  to  the  previous  example.     It  should  be  recognised 
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that  cold-worked  material  must  of  necessity  be  irregular  in  its 
properties,  owing  to  the  enormous  internal  strains  produced,  i  and 
that  subsequent  annealing,  in  certain  instances,  is  liable  to  pro- 
duce injurious  effects  (to  be  described  later)  ;  such  treatments 
should  therefore  be  avoided  whenever  possible. 

Heat  Treatment  2 

Quenching. — Definition.— Tlxe  operation  of  quenching  consists 
in  heating  a  metal  or  alloy  to  a  high  temperature  and  then  cooling 
it  quickly  by  immersion,  usually  in  a  liquid,  but  sometimes  in  a  gas 
(air  quenching),  and  in  certain  exceptional  cases  in  a  solid  (fusible 
alloys,  tallow),  etc. 

Object  of  quenching. — The  object  of  quenching  is  to  alter  the 
properties  of  a  metal  or  alloy. 

It  has  been  shown  that  variations  in  the  rate  of  cooling,  etc., 
may  alter  the  speed  of  transformations  occurring  in  certain  alloys 
during  cooling,  and  may  even  entirely  prevent  such  transformations  ; 
in  such  cases,  the  physico-chemical  equilibrium,  the  structure  and  the 
properties  (work-hardness  when  the  transformation  is  accompanied 
by  a  change  in  volume),  etc.,  of  the  alloy  are  also  affected.  Quench- 
ing, therefore,  will  tend  to  bring  about  the  above  result,  and  an 
alloy  is  said  to  be  affected  by  quenching  when  such  modifications 
are  produced  in  its  properties.  Very  often  such  modification  is 
evident  by  a  marked  increase  in  the  hardness  ;  but,  in  recent  years, 
quenching  (with  or  without  subsequent  tempering,  according  to  the 
metal  treated)  has  been  increasingly  used  to  improve  various  other 
properties,  chiefly  the  resistance  to  fatigue.  Finally,  it  may  be 
observed  that  certain  metals  are  softened  by  quenching. 

Metals  ajfected  by  quenching. — Quenching  can  be  applied  to 
metals  and  alloys  that  undergo  transformations  on  heating.  The 
effect  of  quenching  such  alloys  is  partially  or  totally  to  suppress  or 
displace  such  transformations  during  cooling.  The  relation  between 
the  quenching  temperature  and  the  equilibrium  diagram  that  defines 
the  transformation  temperature  is  apparent.  In  order  that  a 
transformation  occurring  during  cooling  may  be  effected  it  is 
essential  that  the  stable  condition  of  the  metal  when  hot  shall  be 
different  to  the  stable  condition  at  ordinary  temperatures. 

Two  conditions  must  be  satisfied  : — 

1.  If  a  metal  or  alloy  is  to  be  altered  by  quenching,  it  must 
undergo  a  transformation  on  heating. 

2.  The  quenching  temperature  must  be  higher  than  the  trans- 
formation temperature   on  heating  ;    if  the  metal  or  alloy  shows 

^  Heyn  and  Bauer  (see  p.  119). 

"  For  further  details  refer  to  Leon  Guillet,  "Traitements  thermiques  de  produits 
metallurgiques :  trempe,  recuit,  revenu,"  Dunod  et  Pinot,  editeurs. 
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several  transformation  points,  and  the  maximum  quenching  effect 
is  required,  the  quenching  temperature  must  be  above  the  upper 
transformation  temperature  on  heating. 

Quenching  Conditions. — ^Two  questions  are  immediately  raised  by 
the  above  principles : 

1.  Are  all  metals  and  alloys  possessing  transformation  points 
affected  by  quenching  ? 

2.  Is  it  only  necessary  for  the  quenching  temperature  to  be 
above  the  transformation  temperature,  and  does  quenching  at 
varying  temperatures  between  the  transformation  temperature  and 
the  solidus  produce  different  results  ?  (Quenching  between  the 
solidus  and  the  liquidus,  giving  rise  to  deformation  and  other 
defects  such  as  blow  holes,  segregation,  etc.,  will  not  be  con- 
sidered.) 

The  answer  to  the  first  question  is  that  the  existing  information 
shows  that  there  are  very  few  exceptions.  For  instance,  certain 
alloys,  in  which  the  only  evidence  in  support  of  a  transformation 
existing,  is  a  change  in  the  magnetic  properties  (high  nickel  steels), 
are  not  affected  by  quenching  ;  no  matter  how  rapid  the  cooling, 
it  has  been  found  impossible  to  retain  the  non-magnetic  state  exist- 
ing at  high  temperatures. 

An  answer  to  the  second  question  is  more  difficult.  It  would 
appear,  according  to  the  present  theories,  that  it  may  be  accepted 
that  the  properties  obtained  by  quenching  (more  particularly  hard- 
ness) are  due  to  the  existence  of  a  transitional  constituent  not  in 
equilibrium,  the  properties  of  which  are  different  to  those  of  both 
the  stable  forms  (at  high  and  ordinary  temperatures).  Thus,  if  it 
were  possible  to  retain  steel  in  the  form  stable  at  high  temperatures 
at  ordinary  temperatures,  it  would  be  more  malleable  instead  of 
being  of  greater  hardness. 

Quenching,  under  these  conditions,  would  be  of  no  commercial 
utility. 

Increasing  the  quenching  temperature  has  the  same  effect  as 
increasing  the  rate  of  cooling — lowers  the  transformation  temperature 
on  cooling.  Therefore  it  tends  to  retain  more  and  more  of  the  stable 
constituent  at  that  temperature  in  the  stable  condition  ;  a  condition 
which  in  practice  is  not  desired.  The  quenching  temperature  should 
be  as  little  above  the  transformation  temperature  as  the  working 
conditions  will  permit,  at  least  with  ordinary  carbon  steels. 

The  opposite  effect  is  found  with  certain  special  steels.  In  this 
instance  raising  the  quenching  temperature  lowers  the  transformation 
temperature  without  retaining  the  stable  constituents  ;  such  steels 
(high-speed  tool  steels)  are  given  a  comparatively  slow  quenching 
(air  quenching)  from  a  high  temperature. 

Theories  of  Quenching. — Several  theories  have  been  formulated 
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to  explain  the  increase  of  hardness  produced  by  quenching,  the  basis 
being  that  a  transitional  constituent  is  retained  in  the  quenched 
condition. 

Of  these  theories  the  following  may  be  mentioned  : — 

1.  The  theory  put  forward  by  Benedicks  and  Henry  Le  Chatelier 
in  which  the  quenched  constituents  are  assumed  to  exist  in  an  ex- 
tremely fine  state  of  division  or  colloidal  condition. 

2.  The  theory  put  forward  by  Andre  Le  Chatelier  and  Grenet 
which  ascribes  the  hardness  as  due  to  the  internal  strains  {I'ecrouissage) 
produced  by  the  change  in  volume  during  the  transformation  on 
cooling  when  the  rhetal  is  only  slightly  malleable. 

It  is  quite  probable  that  the  properties  of  quenched  materials 
may  be  due  to  a  combination  of  the  two  theories  mentioned. 

Quenching  Conditions. — ^The  effect  of  varying  the  quenching 
temperature  has  already  been  described.  The  other  conditions 
affecting  this  operation  will  now  be  briefly  considered  :  i  the  period 
of  heating,  which  must  be  long  enough  to  enable  the  transformation 
to  be  complete  throughout  the  mass  ;  the  rate  of  cooling,  which 
controls  the  retention  of  the  stable  form  and  the  temperature  at 
which  the  transformation  occurs.  The  rate  of  cooling  is  dependent 
on  several  factors  ;  temperature,  size,  and  nature  of  the  quenching 
bath.  The  nature  or  character  of  the  quenching  bath  merits  further 
attention.  The  contact  between  the  article  and  the  bath  is  affected 
by  the  volatilisation  of  the  bath  during  the  quenching  operation  ; 
increased  viscosity  reduces  the  convection  effect  and  decreases  the 
quenching  properties,  whereas  the  better  its  conduction  of  heat,  the 
greater  its  quenching  properties. 

Finally,  the  greater  the  specific  heat  and  the  heat  of  vaporisa- 
tion of  the  bath,  the  less  its  temperature  is  raised  by  quenchings, 
and  therefore  the  greater  the  amount  of  heat  absorbed  during 
quenching  operations.  Thus  a  bath,  the  constituents  of  which 
have  the  highest  specific  heats  and  latent  heats  of  vaporisation, 
produces  the  greatest  quenching  effect. 

Self -hardening  Metals. — The  property  of  self-hardening  possessed 
by  certain  metals  is  directly  due  to  the  phenomena  of  thermal 
hysteresis  which  has  already  been  described.  For  instance,  if  the 
transformation  temperature  is  considerably  lowered  by  the  normal 
rate  of  cooling  in  air,  it  will  only  be  necessary  to  heat  the  material 
above  the  transformation  temperature  on  heating,  and  allow  it  to 
cool  in  air  in  order  to  produce  the  quenching  effect.  In  such 
instances  the  effect  of  raising  the  quenching  temperature  is  often 
very  considerable. 

Annealing  and  Tempering. — Definition. — The  operation  of  annealing 

^  For  further  details  refer  to  Guillet,  "  Trempe,  recuit,  revenu,"  Uunod  et  Pinat, 
Paris,  191 1. 
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consists  in  taking  a  metal  to  a  high  temperature  and  allowing  it  to 
cool  very  slowly. 

Object  of  annealing. — Annealing  may  be  applied  to  the  following 
materials  :  (i)  metal,  as  cast  ;  (2)  cold-worked  metal ;  (3)  quenched 
metal ;   (4)  overheated  or  burnt  metal. 

In  the  first  and  last  cases  the  object  of  annealing  is  to  improve 
the  qualities  of  the  material,  more  particularly  to  refine  the  structure 
(reduce  the  size)  ;  in  the  second  case  the  object  is  to  remove  the 
work-hardness  and  internal  strain,  either  to  improve  the  machining 
qualities  or  to  render  the  material  more  reliable  and  constant  as 
regards  the  mechanical  properties  ;  in  the  third  case  the  object  is 
partially  or  totally  to  destroy  the  effects  of  quenching.  If  the  only 
purpose  of  annealing  is  to  remove  part  of  the  quenching  effect,  the 
operation  is  known  as  tempering,  and  is  performed  at  temperatures 
below  the  transformation  temperature.  The  effect  on  the  structure 
produced  by  annealing  has  been  dealt  with  in  the  previous  chapter. 
There  is,  in  every  case,  a  tendency  to  bring  about  the  conditions  for 
physico-chemical  equilibrium,  as  defined  by  the  equilibrium  diagram, 
and  also  crystalline  equilibrium. 

The  annealing  of  Unquenched  Material  without  passing  through  a 
Transformation  Point. — Suppose  the  annealing  operation  is  performed 
without  passing  through  a  transformation  point  on  heating,  the 
effect  of  the  treatment  will  be  to  tend  to  bring  about  mechanical 
equilibrium,  physico-chemical  equilibrium,  and  also  structural  and 
crystalline  equilibrium. 

A.  The  improvement  in  the  mechanical  equilibrium  will  consist  in 
the  removal  of  the  internal  strains  and  abnormal  properties  produced 
by  cold-work.  Heyn  and  Bauer  have  shown  that,  in  a  25  per  cent, 
nickel-steel,  the  internal  strains  are  reduced  from  +3510  to  —3810 
atmospheres,  in  cold -worked  material,  to  -|-2oo  to  —250  atmo- 
spheres, by  annealing  the  metal  for  one  hour  at  850°  C.  In  actual 
practice  these  internal  strains  are  continually  varied  by  changes  in 
temperature,  and  even  by  superficial  corrosion.  It  is  therefore  evident 
that  their  removal  by  annealing  is  of  the  utmost  industrial  importance. 

B.  Physico-chemical  Equilibrium. — This  is  only  brought  about 
when  the  previous  cooling  has  been  so  rapid  that  the  material  has 
not  had  sufficient  time  to  attain  equilibrium  conditions. 

For  example,  by  annealing  a  bronze  consisting  of  a  single 
heterogeneous  solid  solution  it  is  possible  to  increase  the  size  of  the 
Brinell  impression  (3000  kilos,  10  mm.  ball)  from  4'i  to  4*4  mm. 
By  this  means  (annealing),  chemically  heterogeneous  solid  solutions 
due  to  rapid  cooling  become  more  homogeneous  ;  diffusion  occurs 
in  the  solid  state,  the  extent  of  such  diffusion  being  greater  the 
higher  the  temperature.  There  is  a  proportionate  change  in  the 
properties. 
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The  effect  on  the  mechanical  properties  is  compHcated  by  the 
fact  that  recrystalhsation  also  occurs. 

C.  Structural  Equilihrium. — ^This  brings  about  the  coalescence  of 
the  individual  particles  of  an  alloy  and  produces  effects  on  the 
mechanical  properties  which  have  not  been  thoroughly  investigated. 
The  experiments  of  Lange  and  Ichewsky  tend  to  show  that,  with 
steels,  there  is  an  increase  of  ductility  and  tenacity.  According  to 
Arnold,  the  ultimate  strength  of  pearlitic  steels  bears  a  definite 
relation  to  the  state  of  separation  of  the  eutectoid  constituents. 
It  appears  that  coalescence  lessens  the  effect  of  any  later  heat  treat- 
ment, more  particularly  quenching. 

D.  Crystalline  Equilihrium. — ^This  effect  applies  particularly  to 
cold-worked  materials  which  undergo  recrystalhsation  on  annealing 
in  the  manner  previously  described  (see  p.  71).  Annealing,  which 
tends  to  increase  the  grain  size,  will,  if  prolonged,  or  carried  out  at 
too  high  a  temperature,  produce  a  very  weak  structure  consisting  of 

large  crystal  grains. 

Many  recent  researches 
undertaken  on  this  impor- 
tant subject  of  anneahng 
have  shown  the  effects  of 
increasing  temperatures. 
Four  distinct  ranges  may 
be  found  with  all  materials 
examined : — 

ist  Temperature  Range : 
effect  nil ;  the  material 
retains  its  initial  values. 
2nd  Temperature  Range : 
the  effect  gradually  increases  ;  the  properties  vary  with  the  tem- 
perature ;  the  ultimate  strength,  the  elastic  limit  and  the  hardness 
diminish,  whilst  the  percentage  elongation,  percentage  reduction  in 
area,  and  the  impact  figures  increase. 

3rd  Temperature  Range  :  constant  effect ;  the  properties  retain 
the  values  they  had  at  the  upper  limit  of  the  second  temperature 
range.     The  material  is  now  completely  annealed. 

4th  Temperature  Range  :  negative  effect  ;  all  the  mechanical 
properties  diminish  in  value  simultaneously,  ultimate  stress,  percent- 
age elongation,  impact  figures,  all  decrease  ;  the  material  has  been 
overheated. 

Fig.  204  illustrates  diagrammatically  the  four  temperature  ranges. 
The  temperatures  defining  the  commencement  and  end  of  the 
respective  temperature  ranges  are  dependent  on  the  compositions 
of  the  alloy.  Several  diagrams  are  given  (Figs.  205-208)  in  illustra- 
tion of  the  effects  of  cold-work  and  annealing. 
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Fig.  204. — Diagrammatic  annealing  curves  for 
cold-worked  material. 
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HE   EFFECT   OF  COLD   WORK   ON   THE   STRUCTURE   OF   ANNEALED    COPPEF 

(GllAUD.) 


Etchant :  Ferric  chloride. 

(X  85.) 


Fig.  148. — Annealed  copper. 


Fig.  149.— 5  "n  reduction. 


Fig.  1.50.— 10  %  reduction. 


Fig.  151.— 20  %  reduction. 


PI.  XX. 


EFFECT   OF   COLD   WORK   ON   COPPER  {cont.). 
(Grard.) 


Etchant :  Ferric  chloride. 

(X  85.) 


Fig.  152.— 50  %  reduction. 


Fig.  153.— 100  %  reduction. 


Fig.  154.— 300  "^  reduction. 


Fig.  155.— 600  %  reduction. 


PI.  XX  r. 


EFFECT   OF  ANNEALING   COLD-WORKED   COPPER. 

(Grard.) 


Etchant :  Ferric  chloride. 

(X  85.) 


Fig.  15G. — Ordinary  copper  plate. 


Fig.  157. — Coldworked  copper. 


Fig.  158.— Copper  annealed  at  100°  C. 


Fig.  159.— Copper  annealed  at  150°  C. 


PI.  XXII. 


EFFECT   OF   ANNEALING   COLD-WORKED   COPPER  {cont.}. 

(Geard.) 


Etchant  :  Ferric  chloride 

(X85.) 


Fi(4.  160. ^Copper  annealed  at  175°  C. 


Fig.  161.— Copper  annealed  at  200°  C. 


Fici.  162.— Copper  annealed  at  250°  C. 


Fig   163.— Copper  annealedjat  300°  |C. 


PI.  xxiir. 


EFFECT    OF   ANNEALING   COLD-WORKED   COPPER  (co)i^ 

(Grard.) 


Etchant :  Ferric  chloride. 

(X  85.) 


Fig.  164.— Copper  annealed  at  iOO"  C. 


Fig.  165. — Copper  annealed  at  500^  C. 


Fig.  166.— Copper  annealed  at  600'  C. 


Fig.  167. — Copper  annealed  at  700'  G. 


PI.  XXIV. 


EFFECT   OF   ANNEALING   COLD-WORKED    COPPER  (co7t/.). 

(Geard.) 


Etchant  :  Ferric  chloride. 

( X  85.) 


Fig.  163. — Copper  annealed  at  800°  C. 


Fig.  1G9.— Copper  annealed  at  900°  C, 


Fig.  170.— Copper  annealed  at  950°  C. 


Fig.  171. — Copper  melted. 


PI.  XXV. 


EFFECT   OF   COLD-WORK   ON    BRASS. 

Cu  =  67 ;  Zn  =  33. 
(Grard.) 


Etchant  :  Ferric  chloride. 

(X  85.) 


Fig.  172.— Annealed  brass,  67  Cu  ;  83  Zu. 


Fig.  173.— 5  %  reduction. 


Fig.  174.— 10  °,n  reduction. 


Fig.  175.— 15  o„  reduction. 


PI.  XXVI. 


EFFECT   OF   COLD-WORK   ON    BRASS  icont. 

Cu  =  67  ;  Zn  =  33. 
(Grahd.) 


Etchant :  Ferric  chloride. 

(X  85.) 


Fig.  176.— 20  '^o  reduction. 


Fig.  177.— 25  %  reduction. 


Fig.  178.— 35  %  reduction. 


Fig.  17'J. — 50  %  reduction. 


PL  XXMI. 


EFFECT   OF   COLD-WORK   ON    BRASS  (cont.). 

Cu=67;  Zn  =  33. 
(Graed.) 


Etchant :  Ferric  chloride. 

(X  85.) 


Fig.  180.-  80  "o  reduction. 


Fig.  181.— 100  o;,  reduction. 


Fig.  182.— 12.5  o„  reduction. 


Fig    183.— 1.50  %  reduction. 


PI.  XXVIII. 


EFFECT   OF   COLD-WORK   ON    BRASS  (cont. 

Cu  =  67  ;  Zn  =  33. 
(Geard,) 


Etchant :  Ferric  chloride. 

(X85.) 


Fig.  184.— 200  "o  reduction. 


Fig.  185.— 250  %  reduction. 


Fig.  186.— 850  "o  i-eductior 


Fig.  187 — 600  "„  reduction. 


PI.  XXIX. 


EFFECT   OF  ANNEALING    BRASS. 

Cu  =  G7  ;  Zn  =  33  cold  rolled. 
(Grard.) 


Etchant :  Ferric  chloride. 

(X  85.) 


Fig.  188.— Ordinary  brass  plate. 


Fig.  189.— Cold  rolled. 


Fig.  190.— Annealed  I  at  200°  C. 


Fig.  191.— Annealed  at  800°  C. 


PL  XXX. 


EFFECT   OF   ANNEALING    BRASS  {cont. 

Cu  =  67  ;  Zn  =  33  cold  rolled. 

(Grakd.) 


Etchant :  Ferric  chloride. 

(  X  85.) 


•'-.'-*.  f- ;■;••* '„;,.;-  -.»i,...-'.-,  ■  -.^'-  ■>.•*■ '.'5 

j«;^;«-.:ij  ;:;.*■"■;'  ^'-  ■'•7-  ..-jI 


Fig.  192.— Annealed  at  350^  C. 


Fk4.  193.— Annealed  at  400°  C. 


Fig.  li)4.     Annealed  at  450°  C. 


Fig.  195.-  Annealed  at  500°  C. 


PI.  xxxr. 


EFFECT  OF  ANNEALING  BRASS  (cant.). 

Cu  =  67  ;  Zn  =  33  cold  rolled. 
(Grard.) 


Etchant :  Ferric  chloride. 
(X  85.) 


Fig.  196.— Annealed  at  550^  C. 


Fig.  197.— Annealed  at  603°  C. 


Fig.  198.— Annealed  at  650""  C. 


Fig.  199.— Annealed  at  700°  C. 


PL  XXXII. 


EFFECT    OF   ANNEALING    BRASS  (cant.). 

Cu  =  67  ;  Zn  =  33. 
(Gbakd.) 


Etchant:  Ferric  chloride. 

(  X  85.) 


Fig.  200. — Brass,  annealed  at  750°  C. 


Fig.  201.— Brass,  annealed  at  800°  C. 


Fig.  202.— Brass,  annealed  at  850°  C. 


Fig.  203.- -Brass,  annealed  at  900°  C. 
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The  following  examples  are  due  to  Grard  {Revue  de  Metallurgie, 
"Memoires,"  iv.  1069,  1909).      The  experiments  were  performed  on 
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Fig.  205. — Variations  in  the  mechanical  properties  of  copper  as  a  function 
of  the  work-hardness  (Grard). 

pure  copper  and  brass  containing  67  per  cent,  copper  and  33  per  cent, 
zinc — French  cartridge-case  brass. 
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Fig.  206. — Effect  of  anneahng  on  the  properties  of  cold-worked  copper  (Grard). 

The  different  temperature  ranges  are  very  clearly  indicated  in 
these  instances,  and  the  variations  in  the  anneahng  temperatures  for 
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different  metals  will  be  observed.  Cold- worked  copper,  particularly, 
shows  a  distinct  change  at  a  temperature  of  approximately  150°  C, 
when  recrystalUsation  commences. 
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The  micrographs  ilkistrated  in  Plates  XIX.  to  XXXII.  (Figs. 
148-203,  see  p.  120)  should  be  examined  in  conjunction  with  the 
curves  given  in  Figs.  205-208. 

Figs.  209-211  show  the  effect  of  anneahng  cold-drawn  steel  and 
nickel  wires.  ^ 
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The  Annealing  of  cold-worked  metals 
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Fig.  212. 

Finally,  Figs.  212-213  give  the  scleroscope  hardness  figures 
obtained  by  Kirke  Rose  on  various  cold-worked  materials  after 
varying  periods  of  annealing.  2 

1  Guillet,  Revue  de  Met.,  "  Memoires,"  p.  665,  1913. 

2  Proc.  Inst,  of  Metals,  pp.  1-31,  1912. 


z 

a 

Temp 

Time 

Ul 

^  hour 

50 

1 

60 

1 

65 

'/2 

100 

</z 

lOi 

Vi 

105 

120 

108 

1 

115 

1 

128 

3 

ISO 

tfOm/ns 

250 

2,0  " 

350 

iO  > 

124 


METALLOGRAPHY 


The  Effect  of  Annealing  when  the  Material  passes  through  a  Trans- 
formation Point  on  Heating. — Assume,  in  the  first  instance,  that  the 
transformation  occurs  without  any  hysteresis  effect  (retardation 
effect),  anneahng  will  exert  an  influence  on  the  distribution  of  the 
constituents  and  on  their  individual  structure. 

Effect  on  the  distribution  of  the  constituents  :  this  explains  the 
transformation  of  Widmanstaetten's  acicular  structure  to  cellular 
structure  (see  p.  76),  and  the  consequent  improvement  in  the 
mechanical  properties  produced  by  annealing  ;  the  material  becomes 
less  brittle. 

Effect  on  the  individual  structure   of    the  constituents  :     the 
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effect  is  similar  to  that  of  an  indirect  polymorphic  transformation 
(p.  73),  giving  rise  to  an  increase  in  the  number  of  crystal  grains.'' 
This  action  occurs  in  annealing  any  overheated  material ;  the 
brittleness  is  decreased,  the  coarse  structure  destroyed,  and  the 
material  is  said  to  have  been  refined.  Thus  only  alloys  possessing 
intermediate  transformation  points  are  capable  of  being  refined  by 
heat  treatment  alone,  without  the  intervention  of  mechanical 
treatment. 

The  case  of  an  alloy  having  a  pronounced  hysteresis  effect  will 
now  be  considered.  In  this  case  the  transformation  temperature  is 
lowered  considerably,  even  at  comparatively  slow  rates  of  cooling. 
The  result  of  annealing  at  a  temperature  above  the  transformation 

^  Example,  transformation  of  ^  to  y  iron. 
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temperature  on  heating  is  to  produce  a  form  of  quenching  effect. 
The  only  method  to  soften  the  metal  in  this  case  is  to  give  a  pro- 
longed annealing  at  a  temperature  as  near  to  the  transformation 
temperature  as  possible,  but  not  above  this  temperature.  Certain 
nickel  and  chrome  steels  may  be  quoted  as  examples  of  this  type 
of  metal.  One  of  the  authors  has  shown  that,  by  a  special  treatment 
followed  by  very  slow  coohng,  this  material  will  be  in  such  a  condition 
that  any  subsequent  industrial  anneahng  will  be  equivalent  to 
quenching.  1 

Tempering. — ^Tempering  consists  in  annealing  a  quenched  material 
at  a  temperature  below  its  transformation  temperature. 

Tempering  removes  the  internal  strains,  causes  the  work  hardness 
produced  by  quenching  to  disappear,  and  tends  to  re-establish 
equilibrium  conditions. 

The  extent  of  its  effect  will  depend  on  the  temperature  and  the 
time  the  material  is  heated.  Recent  research  has  shown  the  time 
of  heating  to  be  an  important  factor.  2  Thus,  the  higher  the  tempera- 
ture and  the  longer  the  time  of  heating,  the  greater  the  tempering 
effect  produced.  3 

It  should  be  observed  that  tempering  a  quenched  specimen  in 
which  any  of  the  stable  component  at  high  temperatures  is  present 
will,  in  the  first  instance,  increase  the  hardness.'*  An  example  of 
this  type  will  be  found  in  the  description  dealing  with  the  tempering 
of  steels. 

Chemical  Treatment 

Metals  and  aUoys  are  subjected  to  numerous  chemical  treatments, 
and  metallography  has  proved  of  great  assistance  in  controlling 
and  examining  the  effects  of  such  treatment.  Many  examples  are 
quoted  in  the  later  chapters,  but  in  the  present  instance  only  a 
few  typical  cases  are  selected. 

Microscopical  examination  wiU  show  : — 

I.  If  the  desired  reaction  has  taken  place. 

2  The  effect  of  such  a  reaction. 

3.  In  many  cases,  the  quality  of  the  result. 

The  cementation  of  steel  and  the  manufacture  of  malleable 
castings  are  typical  examples,  and  are  considered  in  the  next  chapter. 

Again,  in  tinning,  galvanising,  nickel-plating,  and  other  dipping 

^  Portevin,  Proc.  Inter.  Assoc,  for  testing  materials,  French  and  Belgian  members, 
igii. 

2  Guillet  and  Portevin,  Rev.  de  Met.,  vi.  102,  1909. 

^  Brant  has  shown  that  the  electrical  resistance  of  quenched  steels,  measured  by 
Barus  in  1885,  had  decreased  20  per  cent,  in  the  interval  of  twenty-four  years. 
Shottky  has  found  a  sensible  evolution  of  heat  at  100°  C,  and  Brush  and  Hadfield 
have  described  changes  that  have  occurred  in  quenched  steels  at  ordinary 
temperatures. 

*  Portevin,  C.  R.,  158,  1174,  April,  1914.  Portevin  et  Arnou,  C.  R.,  154,  511, 
1912. 
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and  electro-plating  operations,  it  is  possible  to  examine  and  find 
the  thickness  of  the  deposit  and  also,  and  this  is  equally  important, 
whether  an  intermediate  alloy  has  been  formed  between  the  case  and 
the  metal  treated.  This  intermediate  alloy,  which  does  not  always 
exist,  greatly  improves  the  adherent  properties  of  the  deposit 
(PI.  XXXIIL,  Fig.  215,  p.  136),  Metallographic  examination  is  also 
of  assistance  in  determining  the  qualities  of  soldered,  brazed,  and 
welded  joints  ;  it  is  possible  to  determine  the  quality  of  such  joints 
by  the  examination  of  the  structure  of  the  surrounding  metal 
(overheating),  and  by  the  formation  of  intermediate  alloys  in  cases 
where  another  alloy  is  employed  to  make  the  joint.  It  can  be  easily 
seen  whether  the  two  parts  are  merely  stuck  together,  which  is 
frequently  the  case  in  practice.  An  example  is  shown,  PI.  XXXIIL, 
Fig.  214  (p.  136)  ;  the  solder  is  seen  to  exist  as  a  separate  alloy 
between  the  two  pieces  of  aluminium. 


CHAPTER  IV 

INDUSTRIAL  APPLICATION  OF  METALLOGRAPHY 
TO  STEELS   AND   CAST  IRONS 

IRON  ALLOYS— DEFINITIONS 

Steel  and  cast  iron  are  essentially  iron-carbon  alloys,  but  they 
always  contain  small  quantities  of  other  elements  derived  from  the 
raw  materials  from  which  they  are  produced  :  manganese,  sulphur, 
silicon,  phosphorus,  in  solid  solution  as  impurities ;  isolated  particles 
of  various  materials  :  oxides,  sulphides,  phosphides,  silicates,  which 
are  also  impurities,  but  are  termed  inclusions  (the  term  soninis  has 
also  been  suggested  for  the  non-metallic  impurities  present  in  steel). 
The  term  cast  iron  is  confined  to  iron-carbon  alloys  which  contain 
sufficient  carbon  to  render  them  non-malleable  at  all  temperatures  ; 
commercial  cast  irons  contain  between  2-5  and  4  per  cent,  carbon. 
Special  steels  and  cast  irons  are  produced  when  elements,  other 
than  those  they  usually  contain,  are  added  to  ordinary  steels  and 
cast  irons  (such  as  nickel,  chromium,  tungsten,  vanadium,  molybde- 
num) ,  or  when  the  amounts  of  certain  impurities  (such  as  manganese, 
silicon)  are  intentionally  increased  in  order  to  improve  certain 
properties  of  the  material.  These  steels  are  also  termed  alloy  steels- 
The  special  elements  (chromium,  tungsten,  vanadium,  silicon, 
manganese)  are  usually  added  to  the  molten  metal  in  the  form  of 
iron  aUoys  rich  in  these  metals  and  also  containing  varying  amounts 
of  carbon  ;  these  alloys  are  termed  ferro-alloys.  Therefore,  if  the 
impurities  and  inclusions  are  disregarded,  iron  and  steel  alloys  may 
be  classified  as  follows  : — 

I.  Ordinary  steels  and  cast  irons  are  alloys  of  iron  and  carbon, 
hence  the  term  carbon  steels. 

The  ordinary  carbon  steels  are  classified  commercially  as  follows  : 


Mechanical  tests  of  annealed  metal. 

Carbon  content 

(per  cent.). 

Ult.  stress 
(tons  sq.  in.). 

Elastic  limit. 

Percentage 
elongation. 

Very  mild  steel 

005-01 5 

20-24 

12-15 

34-28 

Mild  steel 

OI5-0-25 

24-30 

15-18 

28-25 

Low  carbon  steel     . . 

O-25-0-4O 

30-35 

18-20 

25-22 

Medium  ,,        ,, 

0-40— o"6o 

35-40 

20-24 

22-18 

Hard  steels                  | 

o-6o— 0*70 

40-47 

24-28 

18-14 

or                          1 

o'yo— o"8o 

47-54 

28-32 

14-8 

High  carbon  steels     ( 

o-8o 

54-65 

32-35 

8-5 
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2.  The  special  steels  and  cast  irons  are  alloys  of  Fe+C+M,  and 
are  known  as  ferro-alloys  when  the  content  of  the  special  metals  (M) 
is  very  high. 

The  ternary  steels  will  consist  of  Fe— C— M, 

The  quarternary  steels  will  consist  of  Fe— C— M— N,  and  so 
forth. 

I.  ORDINARY  CARBON  STEELS  AND   CAST  IRONS 

Equilibrium  Diagrams.^ — ^The  iron  carbon  alloys  are  character- 
ised by  the  existence  of  two  possible  equilibrium  conditions  which 
are  not  equally  stable  ;  the  first  corresponds  to  the  presence  of 
graphite,  the  other  to  that  of  cementite  or  iron  carbide,  FesC  ;  this 
is  illustrated  by  two  diagrams  which  can  be  partially  superimposed. 

1.  Stable  equilibrium  diagram  (Fig.  216). 

2.  Labile  or  metastable  equilibrium  diagram  (Fig.  217). 

The  two  diagrams  are  shown  superimposed  in  Fig  218.  In 
accordance  with  the  previous  description  it  will  be  observed  that 
the  lines  of  the  stable  equilibrium  diagram  are  situated  above  the 
corresponding  lines  of  the  other  diagram. 

Although  the  industrial  iron-carbon  alloys,  with  the  exception 
of  grey  cast  irons,  conform  to  the  labile  equilibrium  system  both 
diagrams  have  been  described.  The  sections  of  each  diagram  will 
be  considered  in  the  following  order  commencing  with  the  stable 
diagram  :  solidification ;  liquidus  and  solidus ;  transformation 
points. 

(a)  Stable  Equilibrium  Diagram:  Graphite  (Figs.  216-218). — 
The  liquidus  consists  of  the  two  branches  AB  and  BD  ;  AB  corre- 
sponds to  the  separation  of  a  solid  solution  or  "  mixed  crystal  " 
of  iron  and  carbon  from  the  liquid,  the  carbon  content  varying  from 
o  to  1*4  per  cent.  C  (point  a)  ;  BD  marks  the  separation  of  graphite, 
and  is  the  solubility  curve  for  graphite  in  the  liquid  metal ;  AB  and 
BD  meet  at  the  eutectic  point  B  ;  at  this  point,  the  liquid,  con- 
taining 4'3  per  cent.  C,  completely  solidifies  as  a  eutectic  of  graphite 
and  I '4  per  cent.  C,  solid  solution. 

The  solidus  consists  of  Aa  and  the  eutectic  horizontal  aC.  The 
line  Aa  which  had  been  traced  hypothetically  by  Roozeboom,  has 
been  determined  experimentally  by  Roberts  Austen,  and  again  by 
Carpenter  and  Keeling,  by  means  of  cooling  curves,  by  Saldaou  by 
the  electrical  resistance  method,  and  by  Gutowski,  Wark,  Goerens, 
Meyer,  and  Saldaou  by  the  microscopical  examination  of  quenched 
alloys. 

1  Recent  researches,  notably  those  by  Wittorf,  have  explored  the  alloys  of  high 
carbon  content  and  have  completed  the  diagram,  but  with  slight  modifications  ;  the 
area  investigated  is  outside  the  limits  of  commercial  alloys. 
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After  solidification  there  exists  :  below  Aa  and  in  the  vicinity 
of  that  line,  an  homogeneous  solid  solution 
if  the  rate  of  cooling  has  been  sufficiently 
slow  ;  below  ^B,  solid  solution  surrounded 
by  eutectic  ;  below  BC,  flakes  of  graphite 
surrounded  by  eutectic.    Considered  accord- 
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ing  to  the  phase  rule,  there  exist :   a  solid  solution  and  a  mixture  of 
solid  solution +graphite. 

The  cooUng  curves  show  transformations  occurring  in  the  com- 
pletely solid  state ;    besides  the   two  phases,   solid  solution  and 
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graphite,  a  third  phase  ferrite  or  pure  iron  separates  from  the  solid 
solution  Fe— C  ;  equilibrium  then  exists  between  the  sohd  solution 
and  ferrite,  and  also  between  the  solid  solution  and  graphite. 

The  equilibrium  curves  for  solid  solution-ferrite  are  the  same  for 
both  stable  and  labile  equilibriums  (Figs.  216-217)  ;  their  outHne 
corresponds  exactly  with  the  classic  work  of  Osmond.  The  data 
obtained  from  these  researches  showed  that,  up  to  0*9  per  cent.  C,  pure 
iron,  separates  from  the  solid  solution  at  varying  temperatures,  the 
iron  thus  separated  existing  as  two  allotropic  modifications  a  and  ^  ; 
in  the  case  of  pure  iron  the  transformation 
from  a  to  ^  occurs  at  769°  C 

a  iron  is  magnetic,  ^  is  non-magnetic, 
neither  form  is  capable  of  dissolving  carbon. 
Therefore  the  iron  in  the  solid  solution 
exists  as  a  third  allotropic  modification,  y 
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iron,  which,  like  j3,  is  non-magnetic.  The  curve  showing  the 
separation  of  iron  from  the  solid  solution  is  also  the  transformation 
curve  of  y  to  j3  or  a  iron.  This  curve  consists  of  two  branches  : 
GO  corresponding  to  the  liberation  of  j8  iron,  OS  corresponding  to 
the  liberation  of  a  iron ;  the  equilibrium  of  the  three  phases,  a 
iron,  j8  iron,  and  soHd  solution,  indicates  a  transition  point  corre- 
sponding to  the  horizontal  MO  at  769°  C. 

However,  the  existence  of  jS  iron  indicated,  according  to  Osmond, 
by  thermal  analysis  and  modifications  in  the  magnetic  properties, 
is  now  not  admitted  by  many  authorities,  more  particularly  since 
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the  formulation  of  the  magnetic  theories  (Weiss) .  Since  its  existence 
is  not  of  importance  in  the  treatment  and  microscopical  examination 
of  the  iron  carbon  alloys,  it  will  be  neglected  in  the  present  instance, 
and  the  horizontal  MO  wiU  be  disregarded.  It  will  therefore  be 
considered  that  a  iron  separates  from  the  solid  solution  (y  iron- 
carbon)  along  the  line  GOS.  The  extent  of  this  Hne  GOS  is  limited 
by  its  intersection  with  the  curve  oE  (equilibrium  solid  solution- 
graphite).  This  curve,  commencing  from  a  point  a,  has  been  drawn 
according  to  the  figures  obtained  by  Charpy,  Ruer,  and  Iljin.  Its 
junction  with  the  line  GOS  gives  a  point  which  should  correspond  to 
a  eutectoid  ferrite-graphite  which  has  not  been  observed.  Specimens 
have  been  obtained  that  contained  spots  impossible  to  polish,  and 
for  this  reason  have  been  considered  as  graphite  ;  these  spots  may 
consist  of  an  intimate  mixture  of  graphite  and  ferrite,  rendered 
indistinct  by  the  former.  In  any  case,  these  spots  never  occupy  the 
whole  surface,  and  even  when  the  carbon  content  is  considerably 
in  excess  of  the  eutectoid  composition  ferrite  is  still  present  in 
quantity.  If  equilibrium  conditions  were  completely  attained,  only 
two  phases,  ferrite  and  graphite,  would  finally  exist ;  this  never 
occurs,  except  in  the  case  of  certain  grey  cast  irons,  and  then 
there  is  always  some  cementite  present,  corresponding  to  the  labile 
equilibrium  conditions. 

(6)  Diagram  of  Labile  Equilibrium  {Cementite)  (Figs.  217-218). — 
If  surfusion  of  the  graphite  occurs  in  the  liquid  aUoy,  owing  to 
more  rapid  cooling  or  the  presence  of  certain  foreign  elements 
(Mn,  Cr),  the  line  BD  is  suppressed  and,  instead  of  graphite,  cementite 
separates  from  the  liquid  along  a  line  B'D',  corresponding  to  the 
equilibrium  between  liquid-cementite. 

The  liquidus  consists  of  the  lines  AB'  and  B'D'  which  cut  one 
another  at  the  point  B' ;  separation  of  the  solid  solution  continues 
until  the  point  B'  is  reached,  when  solidification  is  completed  at  this 
point  (B')  by  the  formation  of  a  eutectic  :  solid  solution-cementite. 

The  solidus  is  formed  by  the  lines  AE'  and  E'B'C.  The  points 
E'  and  B'  are  defined  by  the  intersection  of  the  line  Aa  and  the 
extension  of  AB  with  the  eutectic  horizontal  E'C.  This  occurs, 
according  to  the  results  obtained  by  Charpy  and  Grenet,  at  1130°  C, 
the  difference  between  the  eutectic  temperatures  of  the  two  systems 
being  20°  C.     The  point  E'  corresponds  to  170  per  cent.  C. 

The  two  phases  cementite  and  solid  solution  exist  after  soHdifica- 
tion ;  during  cooling  and  in  aUoys  containing  0-0 '9  per  cent.  C,  a  iron 
or  ferrite  is  liberated  from  the  solid  solution,  as  previously  described, 
along  the  line  GOS.  The  junction  of  the  lines  GOS  (defining  the 
separation  of  the  ferrite)  and  SE'  (defining  the  separation  of  cemen- 
tite from  the  solid  solution)  at  the  point  S  mark  the  formation,  at 
723°  C,  of  the  eutectoid  pearlite  containing  o-g  per  cent,  carbon. 
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The  curve  E'S  (separation  of  cementite  from  solid  solution)  has 
been  plotted  according  to  the  cooling  curves  obtained  by  Osmond, 
Roberts  Austen,  Carpenter  and  Keeling,  and  Wark.  Goerens  and 
Saldaou  have  made  similar  determinations  by  the  microscopical 
examination  of  quenched  specimens  ;  Tchijersky  and  Choulgine  by 
etching  in  vacuo  at  high  temperatures  ;  Saldaou  by  measurement 
of  the  change  in  electrical  resistance.  The  curve  is  practically  a 
straight  line). 

Phases  present. — Below  the  line  PSK  only  two  phases  exist,  a 
iron  or  ferrite,  and  the  definite  compound  cementite,  FcsC,  which 
corresponds  to  the  vertical  C'K. 

If  the  distribution  of  the  individual  particles  of  these  two  phases 
is  considered,  it  is  possible  to  make  further  distinctions  as  regards  the 
constitution  of  iron  carbon  alloys  in  the  metastable  condition  at 
ordinary  temperatures  owing  to  the  existence  of  the  eutectic  B  and 
the  eutectoid  S  :  between  o  and  o'9  per  cent.  C  (below  GOS)  the  alloys 
consist  of  ferrite  which  has  separated  along  GOS  and  the  eutectoid 
S  ;  this  eutectoid  of  ferrite  and  cementite  generally  presents  an 
extremely  fine  structure  consisting  of  alternate  lamellae  of  the  two 
constituents  which  are  only  visible  under  the  highest  magnifications  ; 
it  has  received  the  name  pearlite  and  its  mean  carbon  content  is 
o"9  per  cent.  C.  The  steels  containing  less  than  0*9  per  cent.  C  are 
known  as  hypoeutectoid  steels,  sometimes  incorrectly  termed  hypo- 
eutectic  steels,  and  consist  of  pearUte  and  ferrite ;  the  ferrite 
that  has  separated  before  the  formation  of  the  eutectoid  pearlite 
is  occasionally  termed  pro-eutectoid  or  cxtra-eutedoid  ferrite  to 
distinguish  it  from  the  ferrite  contained  in  the  pearlite  or  "  pearlitic  " 
ferrite. 

Between  0-9  and  17  per  cent.  C  (below  SE'),  the  alloys  will  consist 
of  cementite  that  has  separated  along  SE'  and  pearlite  formed  on 
passing  the  horizontal  PSK,  as  in  the  previous  case  ;  these  steels 
are  termed  hypereutectoid  steels  (incorrectly  hypereutectic  steels), 
and  contain  cementite  that  has  separated  from  the  solid  solution 
before  the  formation  of  the  eutectoid — pro-eutectoid  cementite,  and 
the  eutectoid,  pearlite. 

The  cementite  intermixed  with  the  pearlitic  ferrite  to  form  the 
eutectoid  is  termed  pearlitic  cementite. 

Compositions  between  17  and  4*3  per  cent.  C  (below  the  section 
E'B'  of  the  horizontal  E'B'C).  During  solidification  the  solid  solu- 
tion separates  along  AB'  and  solidification  is  completed  by  the 
formation  of  the  eutectic  B'  (cementite-solid  solution).  From  this 
solid  solution  which,  at  the  temperature  E'B'C  (1130°  C),  contains 
17  per  cent.  C  (point  E),  cementite  separates  out  along  E'S  until 
the  solid  solution  contains  0-9  per  cent.  C,  and  is  converted  into  the 
eutectoid  pearlite  on  crossing  the  horizontal  PSK. 
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Finally,  there  will  exist. 

{a)  Eutectic  cemeniite,  the  cementite  occurring  as  a  constituent 
of  the  eutectic  B'. 

{b)  Pro-eiitectoid  cementite,  the  cementite  separating  along  SE', 
as  described  above. 

(c)  Pearlite  formed  at  723°  C,  consisting  of  alternate  lamellae 
of  eutectoid  cementite  and  eutectoid  ferrite. 

Compositions  between  4-3  per  cent.  C  and  6  6  per  cent.  C  (below 
the  horizontal  B'C).  During  solidification  cementite  separates 
along  B'D'  and  solidification  is  completed  by  the  formation  of  the 
eutectic  B'  (cementite-solid  solution  containing  17  per  cent.  C). 
This  solid  solution  undergoes  transformations  on  cooling  as  indicated 
above. 

Finally,  there  wiU  exist : 

(a)  Primary  cementite,  separated  from  the  lic^uid  along  B'D'. 

{b)  Eutectic  cementite,  formed  at  the  temperature  B'C  (1130°  C). 

(c)  Pro-eutectoid  cementite,  that  has  separated  along  SE'. 

[d]  Pearlite,  formed  at  723°  C.  and  consisting  of  alternate  lamellae 
of  eutectoid  cementite  and  eutectoid  ferrite. 

The  varying  character  and  distribution  of  the  constituents, 
ferrite,  cementite,  pearlite,  due  to  their  method  of  formation,  will  be 
described  later.  Fig.  295,  PI.  LIII.  {see  p.  152),  shows  the  complete 
series  of  iron  carbon  alloys  in  the  metastable  state. 

Conditions  of  Formation  and  Transition  of  the  Stable  and  Labile 
Equilibrium  Conditions. — Stable  equilibrium  conditions  occur  more 
readily,  the  greater  the  carbon  content  and  the  higher  the  tempera- 
ture ;  some  elements,  even  in  small  quantities,  such  as  silicon  and 
aluminium,  act  as  catalysers  and  facilitate  the  formation  of  graphite. 
Apart  from  the  effect  of  these  foreign  elements,  it  may  be  stated 
that  i?i  practice  graphite  will  only  occur  in  slowly  cooled  or  annealed 
cast  irons,  or  those  high  in  silicon  or  other  foreign  elements  that  act 
as  catalysers.  Inversely  the  metastable  conditions  and  the  presence 
of  cementite  (diagram.  Fig.  217)  wiU  be  observed  : 

1.  In  all  steels  cooled  and  annealed  in  an  ordinary  manner. 

2.  In  rapidly  cooled  cast  irons  (chill  cast),  those  containing  very 
little  silicon  and  aluminium,  and  also  those  containing  such  foreign 
elements  as  manganese,  chromium,  etc.,  which  facilitate  the  forma- 
tion of  the  labile  constituents  and  hinder  the  formation  of  graphite. 

Graphite  may  be  produced  : 

1.  During  the  period  of  solidification. 

2.  During  coohng  after  solidification. 

3.  By  annealing  white  cast  iron  (temper  carbon). 

Thus,  by  annealing,  graphite  may  be  liberated  from  cementite 
according  to  the  reaction, 

FcsC  ->  Fe-}-C 
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which  reaction  is  irreversible  within  the  range  of  temperature 
employed  for  industrial  annealing.  The  reaction  only  occurs  at 
comparatively  high  temperatures  and  is  more  pronounced  the 
highei:  the  temperature  (interference  effect  decreases).  Inversely, 
it  is  impossible  for  carbon,  present  in  an  alloy  in  the  graphitic  con- 
dition, to  combine  with  the  iron  to  form  cementite  unless  it  passes 
into  liquid  or  solid  solution.  The  graphite  must  either  be  dissolved 
by  the  liquid  metal  or  else  taken  into  solid  solution,  when  this  is 
possible,  after  which  cementite  may  be  obtained  by  rapid  cooling. 
Owing  to  the  relative  slowness  of  the  reaction  Fe3C->Fe3  4-C,  alloys 
are  frequently  found  to  exist  in  a  state  intermediate  between  the 
stable  and  metastable  conditions,  the  first  being  indicated  by 
the  presence  of  graphite  and  ferrite,  the  second  by  one  or  both  of 
the  constituents,  cementite  and  pearlite. 

It  will  be  observed  that,  owing  to  the  existence  of  two  sets  of 
equilibrium  conditions,  three  phases  may  exist  at  ordinary  tempera- 
tures :  Fe,  FcgC,  and  C  (graphite),  forming  four  constituents,  three 
of  which  correspond  to  the  preceding  phases :  ferrite,  cementite,  and 
graphite,  and  the  fourth,  a  eutectoid  mixture  of  the  first  two 
phases  or  pearlite. 

Transformations  occurring  in  the  Iron-Carbon  Alloys. — ^The  only 
transformation  occurring  in  iron-carbon  alloys  containing  above 
17  per  cent.  C,  is  defined  by  the  eutectoid  line  PK  which  extends 
from  o  to  6-6  per  cent.  C. 

As  previously  mentioned,  in  the  case  of  the  alloys  containing  less 
than  17  per  cent.  C  it  is  only  necessary  to  consider  the  metastable 
condition  ;  the  equilibrium  transformation  temperatures  will  there- 
fore be  given  by  Fig.  217.  It  will  be  observed  that,  according  to 
the  carbon  content,  a  steel  may  show  one,  two,  or  three  transforma- 
tion points  corresponding  to  the  lines  GOS,  MO,  SE',  and  PK 
(Fig.  217). 

Pure  Iron. — The  allotropic  modifications  of  iron  are  indicated  by 
two  transformation  points  corresponding  to  the  points  G  and  ]\I  on 
the  diagram. 

It  is  usual  to  refer  to  these  transformations  as  A3  and  A2,  A3 
corresponding  to  the  higher  transformation  temperature  and  Ao 
to  the  rapid  change  in  the  magnetic  properties. 

2.  Steels  containing  less  than  0*3  per  cent.  C. — ^There  are  three 
transformation  points  shown  by  the  lines  GO,  MO,  and  PS.  A3 
indicates  the  commencement  of  the  segregation  of  iron  in  the  solid 
solution  (y  iron-carbon)  ;  this  point  is  depressed  as  the  carbon 
content  increases  and  eventually  coincides  with  the  point  Ao,  the 
position  of  which  is  independent  of  the  carbon  content. 

The  point  A^  corresponds,  on  cooling,  to  the  formation  of  the 
eutectoid  pearlite,  the  quantity  of  which  increases  with  the  carbon 
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content  up  to  the  point  S  ;  the  Hberation  of  heat  increases  in  a 
corresponding  manner. 

3.  Steels  containing  between  0*3  per  cent,  and  0-9  per  cent.  C. — 

These  have  two  transformation  points  :  The  A3, 2  point,  correspond- 
ing to  the  hne  OS,  is  depressed  as  the  carbon  content  increases  and 
indicates  the  separation  of  a  iron  from  the  soHd  solution  (y  iron- 
carbon)  ;  the  second  is  the  point  Ai  which  remains  constant  at  the 
eutectoid  temperature.  With  0-9  per  cent.  C  (point  S),  the  point 
A3, 2,1  alone  exists. 

4.  Steels  containing  between  0-9  per  cent,  and  1-7  per  cent.  C. 
— ^Two  transformation  points  exist :  the  first  corresponds  to  the 
separation  of  cementite  from  the  solid  solution  along  SE' ;  it  rises 
rapidly  with  the  carbon  content  and  is  termed  the  Acm  point ;  the 
second  A3, 2,1  is  the  equilibrium  temperature  of  the  three  phases  ; 
solid  solution  containing  0-9  per  cent.  C,  ferrite,  and  cementite  ; 
the  temperature  of  this  point  remains  constant  (line  SK). 

5.  Alloys  containing  above  1*7  per  cent.  C. — The  transformation 
point  A3, 2,1  alone  exists,  and  is  shown  by  the  line  SK. 

As  a  general  rule  the  point  A3  is  clearly  indicated  by  arrests  in 
the  cooling  curves  and  by  the  dilatation  and  electrical  resistance 
methods. 

The  point  A 2  rnay  be  identified  by  thermal  analysis,  but  more 
definitely  by  the  magnetic  method. 

The  point  Ai  is  very  clearly  indicated  by  the  usual  methods  of 
thermal  analysis  and  by  dilatation  ;  it  is  not  well  defined  by  the 
electrical  resistance  method. 

Effect  of  Heat  Treatment — Transitional  Constituents  and  Constituents 
not  in  Equilibrium. — ^The  effects  produced  by  anneahng  and  varying 
rates  of  cooling  on  cast  irons  and  other  alloys  of  sufficiently  high 
carbon  content,  have  been  considered  as  regards  the  stability  of  the 
equilibrium  conditions,  indicated  by  the  presence  of  graphite  or 
cementite. 

The  effects  produced  on  the  various  transformation  points,  the 
equilibrium  temperatures  for  which  are  given  by  the  diagram,  still 
remain  to  be  considered.  These  transformations  are  of  primary 
importance,  especially  in  the  case  of  steels. 

The  transformations  only  occur  at  the  same  temperature  on 
heating  and  cooling,  when  the  rates  of  heating  and  cooling  are 
exceptionally  slow  ;  as  a  general  rule,  for  a  definite  transformation 
A,  a  transformation  temperature  A^,  above  A,  will  be  found  on  heat- 
ing and  a  transformation  temperature  A„  below  A,  will  be  found  on 
cooling. 

Supercooling  frequently  occurs  at  the  point  A^i,  producing  a 
recalescence  effect ;   the  rise  in  temperature  is  such  that  with  steels 
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containing  0*9  per  cent.  C  it  may  amount  to  100°  C,  and  may  be 
observed  with  the  naked  eye  if  the  metal  is  examined  in  a  subdued 
hght.  Because  of  the  effects  produced  by  undercoohng  and  varia- 
tions in  the  transformation  times,  it  is  possible,  by  suitably  control- 
ling the  rate  of  cooling,  to  lower  the  transformation  temperatures 
on  cooling  and  thereby  obtain,  by  suitable  quenching,  definite 
structures  not  in  equilibrium  (Chap.  IL). 

With  steels  the  transformation  on  cooling  occurs  normally  in  two 
stages  : 

1.  Separation  of  pro-eutectoid  ferrite  or  cementite  along  the 
line  GOS  or  SE'. 

2.  Formation  of  the  eutectoid  pearlite  at  the  temperature  PSK. 
By  varying  the  quenching  temperature  and  rate  of  cooling  it 

is  possible  to  modify  either  both  or  only  the  second  transformation, 
the  second  transformation  having  the  greater  effect  on  the  mechanical 
properties. 

Consider,  as  an  example,  a  steel  containing  0*9  per  cent.  C,  pre- 
senting a  single  transformation  temperature  on  cooling,  Af3.2.i 
corresponding  to  the  reaction  : 

,   , .       ,    .         ,   „,       ferrite  +  cementite 
solid  solution  (y  iron  +  C)  -> y- 

P  63-1*11X6 

the  complete  retention  of  the  solid  solution  (impossible  in  practice) 
at  ordinary  temperatures  by  the  complete  suppression  of  the  trans- 
formation would  give  austenite,  a  non-magnetic  homogeneous 
constituent  consisting  of  the  solid  solution  (y  iron — C)  ;  inversely, 
the  transformation  completely  effected  at  approximately  the 
equilibrium  temperature  would  give  the  constituent  pearlite,  a 
eutectoid  aggregate  of  ferrite  and  cementite. 

Between  these  two  constituents,  the  one  not  in  physico-chemical 
equilibrium  (austenite),  the  other  in  physico-chemical  equilibrium 
(pearlite),  there  exists  a  series  of  varying  conditions  possessing 
definite  appearance  and  structure.  The  principal  structures  are 
considered  as  transitional  constituents  and  have  received  the  names 
niartensite,  troostiie,  osmondite,  sorbite. 

These  constituents  will  be  considered  in  the  order  obtained  by 
quenching  under  conditions  of  decreasing  quenching  effect  :  this 
classification  therefore  represents  the  passage  from  austenite  to 
pearlite.  None  of  these  constituents  is  in  structural  equilibrium  ; 
sorbite,  osmondite  and  troostite  are  in  physico-chemical  equilibrium  ; 
martensite,  in  aU  probability,  is  not  in  physico-chemical  equilibrium. 
Inversely,  the  following  modifications  occur  on  anneaUng  the 
quenched  aUoys  : 

austenite  — >  martensite  — »  troostite  — »  osmondite  -^  sorbite  — >  lamellar  pearlite 

each  constituent  being  converted  to  the  next  in  rotation.     In  certain 
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Fig.  214. — Solder  joint,  showing  the  solder  as  a  separate  alloy 
between  the  two  sheets  of  aluminium. 


Fiu.  215. — Galvanised  iron,  showing  the  formation  of  a  special 
constituent  (white)  in  a  black  background. 
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Ferrite  and  pearlite  in  a  mild  steel. 
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Figs.  219-220.— Etchant :  Kourbatoff's  Reagent. 

Ordinary  etching  :  Dark  pearlite,  light  ferrite,  Deep  etching  :  The  ferrite  crystals  are 

with  dark  lines  outlining  crystal  boundaries.  differentially  discoloured. 


Slag  inclusions,  ferrite,  pearlite  and  cementite,  in  puddled  steel. 


Fig.  221. — Etchant  :     Picric    acid.     Slag,  black         FiG.  222. — Same  field  etched  with  sod.  picrate. 
(visible  unetched)  ;    pearlite,  shaded  portion;  Slag,  black  (visible  unetched) ;  very  dark  lines 

ferrite  and  cementite,  white.  of  cementite;  lighter  ground  mass  of  pearlite; 

white  ferrite. 


PI.  XXXV. 


CONSTITUENTS  OF  ANNEALED  CARBON  STEELS. 

(X  200.) 

Cementite  and  pearlite  in  hypereutectoid  steel. 


Etchant :  Picric  acid.     White  cementite  ; 
dark  pearlite  . 


The  same  field  etched  with  sod.  picrate. 
Dark  cementite ;  light  pearlite. 


Figs.  223-224.— Section  at  right  angles  to  direction  of  rolling  (transverse  section),'; 

cementite  network. 


s^^'-*w^**r. 
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Etchant :  As  above. 


Etchant :  As  above. 


Figs.  225-226. — Section  in  the  direction  of  rolling  (longitudinal  section)  ; 
banded  cementite. 


ri.  XXX VI. 
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Figs.  227-228. — Pure  pearlite  in  slowly  cooled  steel. 

Etchant :  picric  acid. 
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Fig.  227. 
(X  200.) 


Fig.  228. 
(X  1200.) 


Figs.  229-230.— Cementite  and  pearlite. 
Etchant :  Picric  acid.     Liglit  cemeutite  ;  darlc  pearlite. 


Fig.  229.— Rolled  stool,  2-2  "o  C. 
Transverse  section. 


Fig.  230. — Cementite  needles  in  a 
cemented  steel. 
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cases,  one  or  more  of  the  stages  may  not  appear,  thus  the  anneahng 
of  austenite  may  give  rise  to  the  direct  formation  of  troostite.  In 
the  cases  of  hypereutectoid  and  hypoeutectoid  steels,  the  alloy  may 
be  retained,  at  least  partially,  in  the  condition  stable  at  high  tem- 
peratures ;  thus  alloys  are  obtained  containing  unchanged  austenite 
of  variable  carbon  content.  The  formation  of  this  austenite  is 
dependent  on  the  quenching  temperature,  the  speed  of  quenching 
or  cooling,  and  the  carbon  content  (in  the  case  of  special  steels, 
certain  elements  such  as  Mn  and  Ni  accelerate  the  formation  of 
austenite  by  lowering  the  transformation  temperature  and  increasing 
the  interference  ("  passive  resistance  ")  effect.  It  is  necessary  to 
combine  the  effects  of  these  three  factors  to  obtain  the  maximum 
amount  of  austenite  ;  Osmond  obtained  this  combined  effect  by 
quenching  smaU  specimens  containing  i-66  per  cent.  C  from  a  tem- 
perature above  1000°  C.  in  iced  water. 

A  reduction  of  one  of  these  three  factors  tends  to  bring  about 
the  formation  of  martensite  or  one  of  the  other  transitional  con- 
stituents, but  it  must  not  be  overlooked  that  since  the  transformation 
in  these  cases  occurs  in  two  stages,  it  is  possible  to  obtain  a  mixture 
of  these  constituents  (transitional)  together  with  the  pro-eutectoid 
ferrite  or  cementite  by  varying  the  quenching  temperature  and  rate 
of  cooling.  The  constituents  of  the  iron-carbon  series  may  now  be 
summarised  as  follows  : 

Constituents  in  equilibrium  :  ferrite,  cementite,  pearlite,  graphite. 

Constituents  not  in  equilibrium  :   austenite. 

Transitional  constituents :  martensite,  troostite,  osmondite, 
sorbite. 

These  various  constituents  may  now  be  considered  in  detail. 

Ferrite 

Definition. — Free  alpha  iron  ;  may  contain  small  quantities  of 
certain  impurities  (Si,  P,  Mn,  .  .  .)  in  solid  solution. 

Properties. — Cubic  system.  Compared  with  the  other  con- 
stituents it  is  soft  and  of  low  tensile  strength  (20  tons  sq.  in.),  very 
ductile,  strongly  magnetic,  coercive  force  very  small.  Hardness, 
Mohs'  scale,  3  "5-3  7  (Behrens). 

Etching. — The  usual  reagents  (picric  acid.  Benedick's  reagent) 
do  not  discolour  this  constituent  but  merely  reveal  the  crystal 
boundaries  as  dark  lines  (Fig.  51,  PI.  III.,  p.  68  ;  Fig.  219,  PL 
XXXIV.  ;  Fig.  254,  PI.  XLIIL,  p.  144).  Deeper  or  more  prolonged 
etching  reveals  the  different  orientation  of  the  grains  (Fig.  220,  PL 
XXXIV.),  and  finally  produces  etching  figures  on  the  surface  of 
the  specimen  ;  this  result  is  more  readily  obtained  by  using  Heyn's 
solution  (12  per  cent,  copper-ammonium  chloride  followed  by  10  per 
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cent,  nitric  acid)  {see  Fig.  53,  PI.  IIL,  p.  68).  It  should  be  observed 
that  the  presence  of  impurities  facilitates  the  differential  coloration 
of  the  crystal  grains. 

Structure. — i.  Ferrite  may  exist  in  annealed  steels  as — 

[a)  As  a  pro-eutectoid  constituent  existing  with  the  pearlite  ; 
in  this  case  it  appears  as  irregular  grains  intermixed  with  the 
pearlite  (Figs.  219-220,  PI.  XXXIV.,  p.  136),  as  a  network  out- 
lining the  pearlite  areas  (cellular  structure:  Fig.  90,  PI.  XL,  p.  144), 
as  plates  of  varying  orientation  (Widmanstaetten  structure  :  Figs. 
92-93,  PI.  XL,  p.  144  ;  Fig.  278,  PL  XLIX.,  p.  144)  ;  combinations 
of  these  various  types  will  also  be  observed. 

[h)  As  a  constituent  of  the  eutectoid  pearlite  occurring  as  lamellae 
separated  by  the  lamellae  of  cementite. 

(c)  Co-existing  with  the  cementite  in  cases  where  the  pearlite 
eutectoid  structure  has  been  destroyed  by  coalescence. 

2.  In  annealed  white  irons  (or  even  in  hard  steels  that  have  been 
subjected  to  abnormal  conditions  of  annealing  or  cooling,  and  in 
special  steels  containing  silicon,  aluminium,  or  vanadium)  as  a  result 
of  the  decomposition — 

FcsC     ->    3  Fe     +     C 

Cementite.  Feriite.  Graphite. 

In  this  case,  where  there  is  decomposition  of  the  primary  cementite, 
the  ferrite  surrounds  the  graphite  that  is  produced  (Fig.  379, 
PI.  LXXI,  and  Fig.  384,  PI.  LXXIL). 

3.  In  quenched  or  quenched  and  annealed  hypoeutectoid  steels, 
intermixed  with  the  martensite  or  other  transitional  constituent 
as  irregular  jagged  plates  or  fine  needles. 

In  certain  instances  the  distribution  of  the  ferrite  appears  to  be 
greatly  affected  by  the  presence  of  impurities  and  inclusions  (Figs.  250 
and  252,  PI.  XLIL,  p.  144),  and  presents  the  characteristic  banded 
appearance  known  as  ghost  lines. 

It  has  been  shown  that  etching  reveals  the  outline  of  the  crystal 
grains  and  etching  figures.  The  size  of  these  grains  depends  partly  on 
the  heat  treatment  and  partly  on  the  presence  of  various  impurities. 

Phosphorus  and  silicon  increase  the  size  of  the  crystal  grains, 
whilst  nickel  and  chromium  tend  to  produce  a  finer  grain  structure. 
In  certain  special  instances,  it  is  possible  to  distinguish  Neumann's 
lines,  mechanical  cleavages  produced  by  shock  or  forging  at  too  low 
a  temperature.  1 

Cementite 

Definition. — Carbide  of  iron  FcgC  corresponding  to  67  per  cent, 
carbon  by  weight. 

Properties. — Orthorhombic  system.     Hardest  constituent  of  steel 

*  Ref.  Osmond  and  Cartaud,  Revue  de  Met.,  vol.  iii.,  p.  668,  1906  ;  Portevin  and 
Durand,  Revue  de  Met.,  vol.  xi.,  p.  771,  1914. 
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(hardness =6  Mohs'  scale,  scratches  glass,  does  not  scratch  quartz).  1 
Very  brittle.  Specific  magnetism  about  two-thirds  that  of  pure 
iron. 

Etching. — It  is  only  attacked  by  boiling  sodium  picrate  2  (Figs. 
224  and  226,  PI.  XXXV.,  p.  137)  and  oxidising  etching  in  air,  and  is 
thus  easily  distinguished  from  all  other  constituents  of  steel  with  the 
sole  exception  of  iron  phosphide.  When  polished  it  stands  in  relief 
in  the  softer  material,  and  this  characteristic  may  be  verified  by 
examining  the  shadows  produced  when  a  specimen  is  viewed  by 
oblique  illumination  ;  it  is  not  attacked  by  any  of  the  usual  etching 
reagents. 

Structure. — i.  Cementite  may  exist — 

{a)  As  primary  cementite  (alloys  containing  above  4*3  per  cent.  C) 
in  the  form  of  plates  or  thin  layers  in  white  cast  irons  (Figs.  301-303, 
PI.  XV.,  p.  89). 

(b)  As  eutectic  cementite  (alloys  containing  above  17  per  cent.  C) 
appearing  as  a  network  enclosing  the  products  of  decomposition  of 
the  sohd  solution  (17  per  cent.  C)  during  cooling.  With  normal 
coohng  the  solid  solution  sphts  up  into  pearhte  and  pro-eutectoid 
cementite  (Fig.  294,  PI.  LIII.  ;  Figs.  296-297.  PI.  LIV.,  p.  152). 

(c)  As  pro-eutectoid  cementite  (alloys  containing  above  0-9  per 
cent.  C)  separating,  between  the  eutectic  and  eutectoid  temperatures, 
from  the  solid  solution  of  gamma  iron  and  carbon  ;  therefore  two 
main  methods  of  separation  are  possible  :  cellular  appearance  as  a 
network  between  the  original  crystal  grains  of  the  solid  solution 
(Fig.  91,  PI.  XL,  p.  73  ;  Figs.  221-222,  PI.  XXXIV.,  p.  137  ;  Fig.  229, 
PI.  XXXVL,  p.  137)  ;  as  fine  plates  or  needles  (Fig.  230,  PI. 
XXXVI.) ,  or  as  needles  commencing  from  the  network  and  pro- 
jecting into  the  interior  of  the  grains  along  the  cleavage  planes.  ^ 

The  method  of  formation  is  dependent  on  the  cooling  conditions. 
^Mechanical  deformation  and  rolling  will  obviously  affect  the  regu- 
larity of  these  structures  (Figs.  225-226,  PI.  XXXV.,  p.  137).  If 
there  is  any  of  the  cementite-sohd  solution  eutectic  present  (alloys 
containing  above  4-3  per  cent.  C)  the  pro-eutectoid  cementite  will 
tend  to  be  deposited  along  the  edges  of  the  eutectic  areas  in  the  form 
of  a  border. 

(d)  Pearhtic  cementite  as  lamellae  forming  one  constituent  of 
the  eutectoid  pearlite. 

(e)  Spheroidised  cementite  :  as  small  rounded  grains  in  granular 
pearhte,  formed  by  the  coalescence  of  pearlitic  cementite  (Fig.  91, 

1  According  to  Ruff  and  Gersten  the  hardness  is  much  lower  (3  "2-3 -3  Mohs' 
scale). 

2  \Mien  the  thickness  of  the  cementite  plates  is  less  than  0001  mm.,  sodium 
picrate  has  no  etching  effect ;  therefore  fine  pearlite  remains  unattacked  (Le  Chateher). 

3  Refer  to  Howe  and  Levy,  "  la  biographic  de  la  cementite  pro-eutectoide  "  {Rev. 
de  Met.,  vol.  ix.,  p.  1075,  1912). 
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PI.  XIL,  p.  78  ;  Figs.  270-773,  PI.  XLVIL,  p.  144) ;  as  irregular 
plates  in  the  ferrite,  this  structure  being  found,  more  particularly, 
in  steels  that  have  been  subjected  to  prolonged  annealing,  which 
permits  the  pearlitic  and  pro-eutectoid  cementite  to  merge  together 
(overheated  steel). 

(/)  In  iron-carbon  alloys  not  in  equilibrium  ;  in  quenched  white 
irons,  and  particularly  in  quenched  hyper-eutectoid  steels,  if  the 
quenching  temperature  has  not  been  sufficiently  high,  the  time 
heated  not  sufficient,  or  the  rate  of  cooling  too  slow.  The  structures 
will  approximately  correspond  with  those  previously  described,  but 
the  structure  may  or  may  not  be  partly  destroyed  by  partial  solution 
during  the  heating  and  quenching. 

Pearlite 

Definition. — Eutectoid  of  alpha  iron  (ferrite)  and  FcsC 
(cementite)  consisting  of  6  parts  of  iron  to  i  part  of  FcgC  and  con- 
taining o'9  per  cent.  C.  It  is  therefore  a  conglomerate  of  fixed 
chemical  composition  and  constitution,  consisting  of  alternate 
lamellae  of  ferrite  and  cementite  (Figs.  227-228,  PI.  XXXVI.,  p.  137)  : 
lamellar  pearlite.  Coalescence  of  the  cementite,  brought  about  by  the 
conditions  of  cooling  or  further  heating  below  700°  C,  will  cause 
the  formation  of  extremely  fine  globules  of  cementite  immersed  in 
the  ferrite,  granular  pearlite  (Figs.  270-273,  PI.  XLVIL,  p.  144). 

Etching. — Pearlite  is  attacked  and  coloured  by  any  of  the  usual 
acid  reagents  (Picric  acid.  Benedick's  reagent,  nitric  acid,  see  Figs. 
258-267,  PI.  XLIV.,  XLV.,  XLVL,  p.  144) ;  it  is  more  readily  stained 
than  martensite,  but  less  readily  than  troostite,  sorbite,  and  osmondite. 
Under  higher  magnification  (250  diams.  minimum)  it  may  be  resolved 
into  a  series  of  fine  lamellae,  but  pearlite  in  overheated  steels  may 
often  be  distinguished  with  as  low  a  magnification  as  25  diameters. 
The  more  rapidly  the  pearlite  has  been  formed,  the  finer  will  be  its 
structure  and  the  higher  the  magnification  required  for  its  resolution 
(certain  special  elements,  such  as  nickel  and  chromium,  increase 
the  fineness  of  the  structure) . 

It  should  be  observed  that  the  coloration  of  pearlite  is  only  an 
effect  of  shadow  and  relief,  since  the  two  constituents  of  the  con- 
glomerate ferrite  and  cementite  are  not  stained  by  the  reagents 
that  darken  the  pearlite  ;  the  etching  accentuates  the  relief  of  the 
cementite.  To  the  eye,  etched  pearlite  presents  a  similar  appearance 
to  mother-of-pearl,  the  appearance  of  which  is  also  due  to  a  lamellar 
structure,  hence  the  name  pearlite  given  by  Sorby  to  this  constituent. 
The  coloration  varies  with  the  distance  of  separation  between  the 
bands  of  cementite  and  ferrite,  and  this  separation  is  dependent 
on  the  thickness  of  the  lamellae  and  the  plane  of  the  section. 
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Structure. — Lamellar  Pearlite. — Polishing  in  relief  followed  by 
etching  reveals  the  pearlite  as  alternate  lamellae  of  ferrite  and 
cementite,  the  thickness  of  the  lamellae  being  dependent  on  the 
conditions  of  cooling  and  the  other  elements  present  in  the  alloy 
(Figs.  227-228,  PI.  XXXVL,  p.  137).  In  practice,  under  the  usual 
conditions  of  manufacture,  the  pearlite  of  hyper-eutectoid  steels  is 
more  easily  resolved  than  that  of  hypo-eutectoid  steels.  Each 
cluster  of  parallel  lamellae  is  a  "  grain  "  of  pearlite. 

Granular  pearlite  (Fig.  99,  PI.  XII.,  p.  78  ;  Figs.  270-272,  PI. 
XLIL,  p.  144). — This  form  results  from  the  coalescence  of  the 
cementite  of  the  lamellar  pearlite  either  during  the  formation  of 
the  pearlite  or  during  subsequent  heating  in  the  ferrite-cementite 
area  at  as  high  a  temperature  as  possible  but  below  700°  C.  The 
conversion  of  lamellar  to  granular  pearlite  wiU  be  preceded,  according 
to  Benedicks,  by  a  condition  where  the  cementite  wiU  exist  as  chains 
of  minute  globules. 

Pearlite,  being  formed  after  the  other  constituents,  will  con- 
stitute the  ground  mass,  and  its  form  and  outline  will  be  dependent 
on  the  other  constituents. 

Graphite 

Definition. — Free  elemental  carbon  which  occurs  in  iron  and 
steel. 

Properties. — When  isolated  it  is  found  to  be  identical  with  pure 
graphite  ;  brittle,  it  is  frequently  partially  removed  by  the  polishing 
operations  leaving  cavities.  The  colour  varies  from  black  to  dark 
grey.  Sp.gr.  2-25  ;  it  may  be  isolated  from  steels  and  estimated  by 
analytical  methods.  After  isolation  it  may  be  oxidised  by  suitable 
reagents  to  carbon  dioxide. 

Etching. — Graphite  appears  as  black  areas  after  polishing  and 
without  etching.  Etched  specimens,  if  not  thoroughly  washed, 
frequently  retain  some  of  the  reagent  in  the  graphite  areas  or  cavities  ; 
on  drying  the  specimen,  this  remaining  hquid  creeps  over  the 
specimen  causing  staining  round  the  edges  of  the  cavities. 

Structure. — {a)  Graphite  separating  from  liquid  cast  iron  appears 
as  thin  plates,  usually  curved,  which  may  be  several  millimetres  in 
length  (Fig.  231,  PI.  XXXVII.,  p.  142). 

{h)  Temper  graphite  or  temper  carhon,  resulting  from  the  decom- 
position of  metastable  cementite  during  annealing,  appears  as  small, 
black,  rounded  particles  or  points  surrounded  by  ferrite.  It  is  also 
produced  by  the  decomposition  of  FcsC  (Fig.  379,  PI.  LXXI.,  p.  184). 
Graphite  and  ferrite  are  sometimes  distributed  in  a  manner  which 
suggests  the  formation  of  the  eutectic  of  the  stable  equilibrium 
diagram  (Fig.  232,  PI.  XXXVII.,  p.  142). 
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Austenite 

Definition. — ^^Solid  solution  of  iron  and  carbon  retained  in 
unstable  equilibrium  at  ordinary  temperatures.  In  carbon  steels 
it  is  never  obtained  in  the  pure  state,  martensite  always  being  present. 
Its  carbon  content  is  variable. 

Properties. — Isometric  (Osmond),  rhombohedral  (Le  Chatelier). 
Octahedral  cleavage  :  softer  than  the  martensite  with  which  it  is 
associated.     Specific  magnetism  very  slight,  very  ductile. 

Etching. — It  is  attacked  by  any  of  the  usual  acid  reagents  to  a 
less  extent  than  troostite  and  sorbite  and  a  greater  extent  than 
cementite.  It  is  generally  less  affected  than  martensite  (Fig.  235, 
PL  XXXVIII.),  and  rarely  appears  darker  than  that  constituent  ; 
martensite  may  be  distinguished  from  austenite  by  its  acicular  or 
needle-like  structure  and  its  greater  hardness  as  found  by  a  needle 
scratch. 

Structure. — In  carbon  steels,  since  austenite  is  always  associated 
with  martensite,  the  mixture  of  these  two  constituents  wiU  be  ex- 
amined ;  this  mixture  has  a  characteristic  appearance,  the  martensite 
occurring  in  the  form  of  needles,  arrow  heads  or  zigzags  in  a  back- 
ground consisting  of  austenite  (Fig.  235,  PI.  XXXVIII.). 

The  mixture  may  constitute  the  entire  mass  of  the  steel  or  be 
associated  with  pro-eutectoid  or  eutectic  cementite. 

The  polyhedral  structure  of  austenite  is  only  to  be  observed  in 
certain  special  steels  which  may  be  obtained  in  the  pure  austenitic 
form  (Fig.  236,  PL  XXXVIII.).  It  is  frequently  twinned  and 
readily  develops  slip  bands. 

Martensite 

Definition. — ^Transitional  constituent  indicating  the  first  stage 
of  the  decomposition  of  austenite.  It  is  characterised  by  the  return 
of  magnetic  properties,  great  hardness,  and  an  acicular  structure 
(frequently  indiscernible) . 

Its  constitution  has  not  been  definitely  decided  ;  there  appears  to 
be  little  doubt  that  the  iron  exists  partially  in  the  alpha  condition, 
under  strain,  and  that  carbon  is  retained  in  solid  solution. 

Its  carbon  content  is  variable. 

Properties. — Its  hardness  is  greater  than  that  of  any  of  the  other 
constituents  of  the  same  carbon  content ;  its  specific  hardness 
and  brittleness  are  dependent  on  its  carbon  content  and  increase 
with  this  content  up  to  0-9  per  cent.  C.  Magnetic.  It  is  frequently 
intermixed  with  other  constituents,  such  as  austenite  in  greater  or 
less  proportion  ;    its  properties  cannot  therefore  be  exactly  defined. 

Etching. — The  usual  acid  reagents  attack  this  constituent  more 
readily  than  ferrite  and  cernentite,  but  less  readily  than  troostite, 
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Graphite. 


Fig.  231.— Primary  giapuite  and  eutectic  graphite  in  a  cast  iron, 

4-98  %  C,  unetched.    (Bknedicks.) 

(X27.) 
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Fig.  232. — Eutectic  graphite  ;  unetched.    (Benedicks.) 
(X27.) 
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Unstable  and  transitional  constituents. 


I 


Fig.  233. — Pure  Martensite.     Steel  quenched 
from  a  high  temperature. 
Etchant :  Picric  acid. 
(x  200.) 


Fig.  234. — Troostite  (black).    Steel  quenched  frc 
a  temperature  below  the  upper  critical  x>oint. 
Etchant :  Picric  acid. 
(X  200.) 


Fig.  235. — Austenitc-martensite. 

Severe  quenching. 

Etchant :  Picric  acid. 

( X  200.) 


Fig.  236. — Special  steel,  showing  pure 

austenite. 

Etchant :  Picric  acid. 

(X  200.) 
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sorbite  and  osmondite  (Figs.  241-243,  PI.  XL.,  p.  144  ;  Fig.  286,  PI. 
LL  ;  Fig.  315,  PI.  LX.,  p.  144).  As  a  general  rule  it  appears  darker 
than  austenite  after  etching  (refer  to  the  etching  of  austenite) . 

It  may  also  be  identified  by  its  hardness  (it  is  not  scratched  by  a 
needle) . 

Structure. — When  pure,  martensite  has  an  acicular  or  needle-like 
structure  (Fig.  233.  PL  XXXVIII.  ;  Fig.  238,  PI.  XXXIX.,  p.  144), 
the  needles  being  frequently  arranged  in  three  principal  directions. 
The  structure  is  in  some  instances  so  fine  that  the  needles  are  in- 
discernible. Under  similar  conditions,  martensite  is  more  readily 
stained  or  attacked  the  greater  the  carbon  content.  When  of 
constant  carbon  content  it  is  more  readily  attacked  as  the  trans- 
formation is  more  advanced  {see  later  :  osmondite) .  Characteristic 
specimens  may  be  obtained  by  quenching  i  cm.  square  bars  of 
eutectoid  steel  containing  0*9  per  cent.  C  in  cold  water  from  800°  C. 
(i472°F.).i 

Its  form  or  outline  is  dependent  on  the  crystalline  form  of  the 
austenite  from  which  it  is  derived. 

The  orientation  of  the  needles  corresponds  to  the  cleavage  planes 
of  austenite,  2  the  structure  is  therefore  allied  to  the  Widmanstaetten 
structure. 

Troostite,  Osmondite,  Sorbite 

Definition. — The  transitional  constituents  which,  together  with 
martensite,  represent  the  distinctive  changes  occurring  during  the 
austenite-^pearlite  transformation ;  their  respective  positions  in 
the  chain  are  : 

austenite  ->  martensite  ->  troostite  ->  osmondite  -^  sorbite  ->  pearlite 

These  products  are  obtained  successively  either  by  quenchings  pro- 
gressively less  severe  or  by  annealing  quenched  steels  at  increasing 
temperatures.  Under  such  conditions  a  gradual  change  from  one 
constituent  to  the  next  will  be  observed.  Osmondite  is  assumed  to 
be  an  arbitrary  boundary  existing  between  troostite  and  sorbite. 

These  three  constituents  are  not  in  structural  equilibrium  but 
are  probably  in  physcio-chemical  equilibrium. 

Osmondite  has  been  defined  by  the  Congress  of  the  Association 
for  Testing  Materials  at  Copenhagen  as  follows  : — 

"  Osmondite,  the  exact  nature  of  which  is  still  a  debated  point, 
is  an  intermediate  stage  in  the  return  of  martensite  to  the  pearlitic 
condition,  the  latter  being  the  stable  form  at  ordinary  temperatures. 
It  is  considered  as  a  distinct  constituent,  because  of  the  rapid  altera- 
tion in  the  rate  of  variation  of  certain  of  the  properties  of  the  metal 

1  Martensite  is  always  produced  when  the  rate  of  quenching  exceeds  the  "  critical 
speed  "  (Portevin  et  Garvin,  C.  R.,  164,  885  ,  191 7). 
-  See  Portevin,  C.R.,  165,  62  ;    1917. 
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during  the  transformation  between  the  two  extreme  conditions  of 
the  metal.  It  is  characterised  by  its  maximum  solubihty  in  acids 
and  by  a  maximum  coloration  under  the  action  of  acid  metallo- 
graphic  reagents. 

"It  may  be  obtained,  other  conditions  being  favourable,  by  anneal- 
ing martensitic  eutectoid  carbon  steel  (0-9  per  cent.)  at  400°  C." 

These  constituents  are  not  resolved  by  the  highest  magnifications 
at  present  available.  The  distinction  between  the  three  constituents 
is  slight  and  is  frequently  disregarded. 

Properties  and  Etching. — It  is  obvious  that  the  properties  of 
these  constituents  will  vary  with  their  carbon  content  and  the  stage 
in  their  transformation  to  the  pearlitic  condition.  For  any  given 
carbon   content,    the  hardness,    electrical   resistance,    and   thermo- 
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electric  power  decrease  continuously  during  the  passage  from  marten- 
site  to  pearlite  ;  on  the  other  hand,  the  minimum  brittleness  is 
obtained  in  the  sorbitic  condition. 

If  a  steel  containing  0*9  per  cent.  C  is  obtained  in  the  martensitic 
condition  by  quenching  from  900°  C.  and  is  then  submitted  to  a 
series  of  annealings  of  increasing  intensity,  it  is  found  that  as  a 
function  of  the  carbon  content  (Heyn)  :— 

1.  The  solubility  in  i  per  cent,  sulphuric  acid  has  a  maximum 
value  clearly  indicated  (Fig.  244), 

2.  The  coloration  after  etching  in  i  per  cent,  hydrochloric 
acid  in  alcohol  also  shows  a  maximum  (Fig.  244,  PI.  XL.). 

These  two  experiments  afford  a  definite  definition  for  osmondite 
and  at   the  same   time  show  the   relative  colorations  produced  on    ! 
the  various  transitional  constituents  of  steel. 


.  XXXIX. 


CONSTITUENTS   OF   QUENCHED   STEELS     TROOSTITE,  MARTENSITE, 

AND   AUSTENITE. 

The  same  field  after  varying  periods  of  etching. 


Fig.  237. — Three  minutes'  etching  in  Pig.  238. — Sixty  minutes'  etching  in 

picric  acid.  picric  acid. 

The  troostite  is  discoloured  by  a  slight  etching,  the  martensite  remaining  unattacked  ; 
the  prolongation  of  the  etching  shows  up  the  acicular  structure  of  the  martensite. 


The  same  specimen  viewed  under  different  magnifications. 

Etchant :  Picric  acid. 


Fig.  239.— Troostite,  the  darker 

constituent. 

(X  50.) 


Fig.  240. — At  higher  magnifications  the  lighter 
constituent  shows  the  characteristic  structure 
of  austenite-martensite. 
{ X  200.) 


PI.  XL. 

DIFFERENTIAL   ETCHING   OF   THE  VARIOUS   CONSTITUENTS   OF 

-— — ""^     Tempeiing  QUENCHED   CARBON    STEELS. 

temperatures. 


annealed 


G40" 


Figs.  242-243.— Martensite,  troostite,  ferrite,  and  pearlite  in  a^ 
medium  carbon  steel  quenched  in  oil  from  850'"  C. 

Etchant :  Benedicks'  reagent. 

White  areas  of  martensite  surrounded  by  dark  areas  of  troostite 
in  a  background  of  ferrite-pearlite. 
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-.00° 


405° 


275" 


Fig.  242. 
{x57.) 


200'^ 


100° 


Fii..  'ill.  -t )■'.•")  ",,  ('.  stool,  water 
quenched  at  'JUG  C,  and  tem- 
pered at  various  temperatures. 
Etchant :  1  "„  hydrochloric 
acid  in  alcohol  for  10  minutes. 

(Heyn  &  Bauer.) 


Fig.  243. 
(X  200.) 


ri.  XLi. 


SLAG    INCLUSIONS    IN    PUDDLED    IRON. 

In  the  larger  inclusions  it  is  often  possible  to  distinguish  several  different  constituents 
of  the  slag  either  before  or  after  etching. 

I     Unetched. 


FiG.  Aih. 
(X  200.) 


2"  After  etching-. 
Etchaut :  Benedicks'  reagent. 


Fig.  246. 
{x550.) 
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Fig.  247. 
( X  200.) 


Fig.  248. 
( X  200.) 


PI.  XLir. 


INCLUSIONS   IN    HYPOEUTECTOID    STEELS. 

(X  200.) 


Unetched. 

Showing  only  inclusions. 


Fig.  249. 


The  same  field  after  etching  with 
picric  acid. 

Pearlite,  dark  ;  inclusions,  dark  ;  ferrite,  white. 


Fig.  250. 


'r,i.    . 


Fig.  251. 


%mL 


Fig.  252 


Longitudinal  sections. 
Showing  orientation  of  the  inclusions  due  to  rolling. 


PI.  XLIII. 


INCLUSIONS   IN    IRON    AND    STEEL. 

i^  Inclusions  in  iron. 
(  X  200.) 


Pig.  253.— Unetched. 


Fig.  254. — ^Same  field  etched  with  picric  acid. 
Showing  the  ferrite  crystal  boundaries. 


2°  Inclusions  in  steel. 
Etchant :  Picric  acid. 


<     .  '  ^^'  ■  '     ife 


White  areas  of  ferrite  surrounding  the  inclusions  (manganese  sulphide) ; 
background  of  dark  pearlite. 


Fig.  255. 
(X  50.) 


Fig.  256. — Same  field  ;  higher  magnification. 
( X  200.) 


PI.  XLIV. 


APPROXIMATE  ESTIMATION  OF  THE  CARBON  CONTENT  OF 
ANNEALED  HYPOEUTECTOID  STEELS, 


Ferrite,  white  ;  pear  lite,  dark, 

Etchant :  Benedicks'  reagent. 
( X  200.) 


> 


%'>.-" 


*■ 


1/ 


K'\ 


/  -^ 


•^ 


/^   -_.__  A 


Fig  258  — 0*10  °o  C.  steel  annealed  at 
900°  C. 
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Fig   259  —0-19  °o  ^•'  steel  annealed  at 
850°  C. 
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Fig.  260. — 0-24  ",',  C.  steel  annealed  at 
850°  C. 


Pig.  261.— 0-33  "„  C.  steel  annealed  at 
850°  C. 


PI.  XLV. 


APPROXIMATE  ESTIMATION  OF  THE  CARBON  CONTENT  OF 
ANNEALED  HYPOEUTECTOID  STEELS  (runt,!.). 


Ferrite,  white  ;  pearlite,  dark. 

Etchant :  Benedicks'  reagent. 
(X  200.) 


-rf-^ 


Fig.  262.— 0-44  o^,  C.  steel  annealed  at 
850'  C. 


I^FiG.  263.— 0-54  Op  C.  steel  annealed  at 
850"  C. 


Fig.  264.-0-64  "o  C.  steel  annealed  at 
850=  C. 


Fig.  265.— 0-70  o^  C.  steel  annealed  at 
850"  C. 


PI.  XLVI. 


APPROXIMATE  ESTIMATION  OF  THE  CARBON  CONTENT  OF 
ANNEALED  HYPOEUTECTOID  STEELS  (conf.). 

Ferrite,  white;  pearlite,  dark. 

Etchant :  Benedicks'  reagent. 
(x200.) 


Fig.  266.— 0-77  %  C.  steel  annealed  at 
850°  C. 


Fig.  267.— 0-80  ^o  C.  steel  annealed  at 
850°  C. 


ORDINARY  HYPEREUTECTOID  CARBON  STEELS  AFTER  FORGING. 

(X  200.) 
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Fig.  268.— 1-43  ','„  C.  steel  (Mn  =  0-29  ; 

Si  =  0-15).    Transverse  section. 

Etchant :  Ben(^'dicks'  reagent.     White  needles 

and  meshwork  of  cementitc  ;  pearlite,  dark. 


Fig.  269.— 1-43  "o  C.  steel  (Mn  =  0-29  ; 
Si  =  0-15).     Transverse  section. 
Etchant :  Sodium  picrate.     Dark  needles  and 
meshwork  of  cementitc  ;  pearlite,  white. 


>i.  XLvrr. 


ORDINARY    HYPEREUTECTOID   STEELS   ANNEALED   AT   850     C. 


rhe 


effect  of  annealing  is  shown  by  the  coalescence  of  the  cementite,   the  pearlite  no  longer 
exhibiting  its  characteristic  structure, 
(x  200.) 


.'S^.^'T:^ 


Fig.  270.— 1-40  Oq  C.  steel. 

Etchant :  Benedicks'  reagent. 
Cementite  remains  white. 
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Fig.  271.— 1-40  "q  C.  steel. 

Etchant :  Sodium  picrate. 
Cementite  is  darkened. 
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Fig.  272.— 1-60  %  C.  steel. 

Etchant :  Benedicks'  reagent. 
Cementite,  white. 


FiG.  273.— 1-60  %  C.  steel. 

Etchant :  Sodium  picrate. 
Cementite,  dark. 


PI.  XLViir. 


EFFECT   OF   ANNEALING   ON   THE   DISTRIBUTION   OF   THE 
CONSTITUENTS. 

1°  Cast  steel. 

Etchant :  Picric  acid. 
(X200.) 


.^m^' 


Fig.  274.— As  cast. 


Fig.  275.— Annealed. 


2°  Forged  steel. 

Etchant :  Picric  acid. 
(X  200.) 


Fig,  276.— As  forged. 


Fig.  277.— Annealed. 


PI.  XLIX. 


DISTRIBUTION   OF   THE   CONSTITUENTS    FERRITE   AND    PEARLITE 
IN    HYPOEUTECTOID   STEELS. 
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Fig.  278. — ^Medium  carbon  steel  as  forged. 

Widmansfaetten  st  met  lire. 

Etchant :  Benedicks'  reagent. 

(X  75.) 


Fig.  279.— Steel. 

(C  =  0-29  ;  Cr  =  0-93  ;  Mn  =  0  33  ;  Ni  =  0-16; 

annealed. 

Handed  structure. 

Etchant :  Benedicks'  reagent. 

(  X  80.) 


Silico-manganese  steel  after  prolonged  annealing  at  900   C. 
Banded  stnicture. 

Etchant :  Benedicks'  reagent. 


FiCf.  280. 
(X  57.) 


PI.  L. 


EFFECT   OF   MECHANICAL    DEFORMATION   AND   HEAT   TREATMENT 

ON   CARBON    STEELS. 


I'  Effect  on  the  ferrite-pearlite  structure. —Tensile  test-piece. 


Etchant :  Picric  acid, 
(x  200.) 
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Fig.  282.— Before  testing. 
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Fig.  283.— After  testing. 


2    Effect  on  the  ferrite  grains. 


S/  >■. 


Fig.  284.— Thin  drawn  mild  steel. 
Etchant :  Benedicks'  reagent. 


Fig.  285. — Pure  iron,  polished,  and  afterwards 
heated  in  hydrogen. 

Mcsliivork  structure. 
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The  three  constituents  possess  the  following  distinguishing 
properties  : — 

1.  Very  rapid  coloration  with  the  ordinary  acid  reagents. 

2.  Their  structure  is  not  resolved  even  under  the  highest  mag- 
nifications. 

The  first  property  permits  them  to  be  distinguished  from  ferrite, 
austenite,  and  martensite  (Figs.  242,  243,  PI.  XL.).  The  second 
distmguishes  them  from  peariite  (and  also  from  martensite,  which 
under  high  magnifications  exhibits  an  acicular  structure). 

The  methods  of  distinguishing  between  sorbite  and  troostite 
may  be  summarised  as  follows  : — 

(a)  Etching  and  Appearance.— According  to  Kourbatoff,  after 
seven  minutes'  etching  in  the  reagent  suggested  by  him  {see  p.  10) 
only  troostite  will  be  coloured,  the  other  constituents  remaining 
unaffected.  Troostite  is  usually  associated  with  martensite,  and 
frequently  appears  as  small  rounded  masses  in  the  form  of  chains 
(Fig.  234,  PL  XXXVIIL,  p.  143,  and  Figs.  237-240,  PI.  XXXIX.). ^ 
It  IS  the  constituent  produced  by  a  mild  form  of  quenching.  Sorbite 
is  usually  associated  with  peariite,  and  appears  as  irregular-shaped 
plates  or  masses.  It  is  the  constituent  normally  produced  by  rapid 
annealing. 

(b)  Production  or  Formation.— Troostite  appears  on  annealing 
martensite  a  httle  below  400°  C.  ;  by  quenching  small  specimens 
m  the  middle  of  the  transformation  area,  and  in  the  interior  of  large 
specimens  quenched  above  the  transformation  temperature.  It  is 
therefore  produced  by  quenching  at  speeds  below  the  "critical 
speed."  2 

Sorbite  appears  on  anneahng  above  400°  C.  but  below  700°  C.  • 
by  quenching  in  water  just  above  the  lower  limit  of  the  transformation 
area  Aj ;  by  quenching  small  specimens  in  oil.  molten  lead,  or  even  air- 

Inclusions 

Definition.— Inclusions  are  the  impurities  present  in  iron- 
carbon  aUoys  which  are  insoluble  in  these  alloys  at  ordinary  tem- 
peratures, and  may  be  seen  by  microscopical  examination  before 
etching  (Figs.  249  and  251,  PI.  XLIL,  and  Fig.  253,  PL  XLIIL). 

Composition.— The  inclusions  consist  of:  oxides  of  iron  and 
manganese  ;  sulphides  of  iron  and  manganese  ;  siHcates  of  iron  and 
manganese  ;   phosphides  of  iron. 

Appearance.— Inclusions  of  various  shapes  may  be  seen  after 
poHshing  :   spots  (Fig.  248,  PL  XLI.  ;  Fig.  251,  PL  XLIL),  rounded 

^  It  is  produced  by  rates  of  cooling  intermediate  between  that  reauired  for  fho 

ormation  of  martensite  and  that  for  the  visible  separation  of  cementS  and  ferrite 

It  frequently  appears,  as  already  stated,  as  a  border,  surrounding  the  martensite 

areas  and  separatmg  them  from  the  cementite  or  ferrite  areas  when  these  aJ^peSnt 

See  Portevm  and  Garvin,  C.  R.,  164,  S85,  1917.  picbeni. 
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masses  (Figs.  255,  256,  PL  XLIIL),  areas,  elongated  in  the  direction 
of  rolling  (Fig.  249,  PI.  XLIL),  of  irregular  shape  (Fig.  247,  PI. 
XLIIL  ;  Figs.  253,  254,  Pi.  XLIL).  Their  collection  in  bands  has 
a  particularly  injurious  effect  on  the  mechanical  properties  of  steel 
(ghost  lines) . 

They  vary  in  colour,  and  may  be  grey,  black,  fawn,  brown,  and 
sometimes  blue  (dove-grey  or  slate  colour =MnS).  In  the  larger 
slag  inclusions  it  is  frequently  possible  to  distinguish  several  different 
constituents  after  etching  (Figs.  245-247,  PI.  XLI.  ;  Figs.  253, 
254,  PI.  XLIIL). 

Etching  and  Identification.— (a)  The  areas  containing  sulphur 
in  the  form  of  FeS  or  MnS  may  be  revealed  macrographically  {see 
Chap.  VI.)  by  means  of  silk  impregnated  with  bi-chloride  of  mercury 
and  sulphuric  acid  (Heyn  and  Bauer),  or  by  bromide  paper  moistened 
with  hydrochloric  acid  (Baumann).  The  material  applied  to  the 
polished  surface  of  the  metal  is  locally  darkened  where  it  comes  in 
contact  with  the  sulphide  areas  (the  phosphide  areas  also  darken 
bromide  paper). 

(6)  Matweieff's  Method. — By  the  use  of  hot  gaseous  reagents 
it  is  possible  to  observe  the  reaction  or  reduction  (by  hydrogen)  of 
the  various  inclusions.  The  reduction  is  verified,  after  experiment, 
by  repolishing  the  specimen,  when  the  inclusion  should  disappear. 

1.  Substances  not  affected  by  hydrogen  at  300°  C,  superheated 
steam,  or  weak  organic  acids  :    silicates  of  iron  and  manganese. 

2.  Substances  reduced  to  the  metallic  state  by  hydrogen  at 
300°  C,  etched  by  steam  but  not  by  weak  organic  acids  :  oxides  of 
iron  and  manganese. 

The  presence  of  manganese  is  verified  by  the  discoloration 
produced  on  etching  with  a  weak  alcoholic  solution  of  ferric  chloride 
after  reduction  and  repolishing. 

3.  Substances  not  attacked  by  hydrogen  or  steam,  but  attacked 
by  weak  organic  acids  (tartaric  acid)  :  sulphides  of  iron  and  man- 
ganese, the  first  being  the  more  rapidly  coloured  by  tartaric  acid. 

(c)  Phosphide  is  met  with  more  particularly  in  cast  irons 
(PL  LVIIL,  p.  153),  where  it  forms  a  triple  eutecticwith  the  cemen- 
tite  and  the  solid  solution  (subsequently  transformed  to  pear  lite). 
It  is  coloured  by  sodium  picrate  in  a  similar  manner  to  cementite 
but  less  rapidly,  and  is  unaffected  by  the  ordinary  acid  reagents. 

Heat  tinting  may  be  used  to  distinguish  cementite  from  phosphid  e, 
the  cementite  being  more  rapidly  coloured  and  oxidised  than  the 
phosphide. 

Distribution  of  Inclusions. — Macrographic  examination  shows  the 
distribution  of  the  inclusions  to  be  mainly  dependent  on  :  the 
conditions  of  cooling  in  cast  metal ;  the  mechanical  treatment  (hot) 
in  the  case  of  forged  or  rolled  metal.      These  conclusions  help  to 
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explain  the  occurrence  of  such  inclusions  as  lines  or  bands,  which 
are  particularly  noticeable  with  manganese  sulphide  (ghost  lines). 

Microscopically  the  inclusions  are  generally  found  to  occur  in 
the  pro-eutectoid  constituents  :  ferrite  or  cementite.  According  to 
Ziegler  it  is  these  inclusions  which  determine  the  method  of  separation 
of  the  ferrite  and  cementite,  the  inclusions  producing  a  similar  effect 
on  solid  solutions  as  small  particles  of  foreign  substances  produce 
on  the  crystallisation  of  salts  from  aqueous  solutions.  The  network 
of  slag  governs  the  formation  of  the  network  of  ferrite ;  and  since 
this  slag  constitutes  a  line  of  weakness  of  the  material  as  regards 
resistance  to  deformation  and  shock,  it  explains  the  occurrence  of 
cracks  along  the  ferrite  network. 

In  the  case  of  the  oxidised  impurities  (slag,  oxides),  the  oxidising 
and  reducing  actions  interfere  with  the  production  of  this  effect 
(Giolliti  and  Zablena). 

In  forged  steel  the  distribution  of  the  inclusions  as  bands  assists 
the  elongated  structure  of  the  ferrite  and  pearUte,  and  offers  an  ex- 
planation as  to  why  this  structure  is  accentuated  by  anneahng. 
But,  as  one  of  the  authors  has  suggested,  ^  this  phenomenon  may 
also  be  explained  by  the  liquation  of  the  ferrite  in  the  solid  state  in 
a  heterogeneous  solid  solution  due  to  the  conditions  of  solidification. 

Structure  of  Steels  and  Cast  Irons 

Having  now  considered  the  constituents  of  steel,  their  principal 
characteristics,  and  also  the  conditions  that  are  favourable  to  the 
production  of  these  respective  constituents,  it  is  possible  to  form  an 
estimate  of  the  structure  of  the  iron  carbon  aUoys. 

The  examination  of  the  structure  of  these  alloys  is  best  considered 
under  two  headings : 

1.  Chemical  constitution,  which  includes  the  nature  of  the  con- 
stituents, and  is  in  turn  dependent  on  the  chemical  composition 
(carbon  content)  and  heat  treatment. 

2.  Physical  constitution,  which  includes  the  size  and  distribution 
of  the  constituents,  and  is  dependent  on  the  conditions  of  sohdifica- 
tion,  heat  treatment,  and  mechanical  treatment. 

In  the  following  description  steels  and  cast  irons  are  considered 
separately  for  the  following  reasons  : — 

1.  Cast  iron  undergoes  no  mechanical  treatment  such  as  rolling, 
forging,  etc.  Therefore  it  is  only  necessary  to  examine  the  con- 
ditions of  casting  and  heat  treatment,  whereas  with  steels  the 
changes  produced  by  mechanical  treatment  must  also  be  con- 
sidered. 

2.  From  a  practical  standpoint  (commercial  use),  the  occurrence 

^  Portevin,  Revun  de  Met.,  vol.  x.  p.  689,  1913. 
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of  graphite  and  the  stable  equihbrium  conditions  are  only  met  with 
in  cast  irons. 

Stable  equilibrium  will  not  be  considered  in  the  case  of  steel. 


A.  Steels 

Steels  are  classified  into  two  classes  according  to  their  chemical 
constitution  and  the  constituents  present  : 

1.  Annealed  steels — as  cast,  or  cast  and  annealed. 

2.  Quenched,  or  quenched  and  tempered  steels. 

Steels  of  the  first  class  may  again  be  subdivided  into  two  classes, 
according  to  the  distribution  and  size  of  the  individual  particles  of 
the  constituents.     Type  of  structure  : 

lA.  Steels  as  cast  which  have  undergone  no  mechanical  treatment 
after  solidification. 

IB.  Steels  that  have  been  forged,  stamped,  rolled,  etc.,  but  not 
heat  treated. 

I.  Annealed  steels. — ^There  are  only  three  possible  constituents  : 
ferrite,  pearlite,  cementite. 

Excepting  overheated  steels  (considered  later),  where  the  annealing 
or  cooling  has  been  greatly  prolonged,  the  only  possible  combinations 
that  occur  are  : — 

pro-eutectoid  ferrite  +  pearlite 
pro-eutectoid  cementite  +  pearlite 

and  the  alloy  containing  0*89  per  cent.  C,  eutectoid  steel,  consisting 

of  pure  pearlite. 

The  proportions  of  ferrite  and  pearlite,  or  cementite  and  pearlite 

present  permit  a 
rough  approxima- 
tion of  the  carbon 
content  to  be  made 
in  the  manner  pre- 
viously     indicated 

(P-  74)- 

The       diagram 

(Fig.  257)  shows 
the  proportions  of 
the  two  consti- 
tuents present  for 
any  definite  composition.  It  will  be  observed  that  this  method 
of  estimation  is  more  accurate  for  hypo-eutectoid  steels  than 
for  hyper-eutectoid  steels.      This   is  explained  by  the   fact   that 


Jfe  «   hroeiilecioiJ 


£ult 


Fa   C  hroeuteclouJ 


riold-    Fc-^Fe^C. 
-  PearUte 


RypoeuiecioidsleeL.       Hypereutectoid  steel 
Fig.  257. 


the  proportion 


ferrite 


changes   in    the   first  case  from  100  to  o 


pearlite 
per  cent,  as  the  carbon  content  increases  from  o'o  to  0-9  per  cent.  C, 
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whilst  the  proportion r- —  changes  from  o  to  100  per  cent,  as 

^    ^  pearhte 

the  carbon  content  increases  from  0*9  to  6 "6  per  cent.  C. 

In  practice  it  is  only  possible  to  estimate  the  carbon  content  in 
fully  annealed  hypo-eutectoid  steels. 

The  micrographs  (Figs.  258-267,  Pis.  XLIV.,  XLV.  and  XLVI.  at 
p.  144)  may  be  used  as  a  guide  in  making  estimations  of  this  nature. 

It  must  be  observed  that  in  estimating  the  carbon  content  by 
this  method  it  is  essential  that  the  annealing  conditions  shall  be 
the  same  in  every  case.  The  rate  of  coohng  greatly  affects  the 
segregation  of  the  pro-eutectoid  ferrite,  an  increase  in  the  rate  of 
cooling  tending  to  decrease  the  area  occupied  by  the  ferrite.  This 
method  of  estimation  is  also  affected  by  the  presence  of  various 
other  elements  pin,  Si,  etc.).  The  magnification  chosen  must  be 
such  that  the  image  obtained  approximately  corresponds  with  the 
test  diagram. 

The  carbon  content  can  be  estimated  to  within  o"i  per  cent,  in 
the  case  of  hypo-eutectoid  steels.  In  spite  of  the  fact  that  this 
method  does  not  compare  in  accuracy  with  chemical  analysis,  it 
offers  the  advantage  that  an  approximate  estimation  can  be  rapidly 
made  on  very  small  samples.  An  interesting  application  of  the 
method  is  found  in  estimating  case  hardening  and  decarburisation 
(p.  156). 

This  method,  which  instead  of  estimating  the  relative  amounts 
of  the  constituents  in  a  given  volume  of  the  material,  estimates 
them  in  a  given  plane,  requires,  as  an  essential  condition  of  accuracy, 
that  the  various  constituents  shall  be  evenly  distributed  throughout 
the  mass  ;  hence  the  necessity,  in  the  case  of  roUed  steels,  of  examin- 
ing a  transverse  as  well  as  a  longitudinal  section. 

The  constituents  and  their  relative  proportions  having  been 
described,  their  distribution  will  now  be  considered. 

lA.  Steels,  as  cast. — In  accordance  with  the  general  conditions 
described  in  Chap.  II.  : — 

(i)  On  solidification,  the  solid  solution  crystaUises  in  the  form  of 
dendrites  and  is  chemically  heterogeneous,  since  equilibrium  is  never 
attained  in  practice ;  the  mutual  limitations  of  the  dendrites  out- 
line the  crystal  grains  ;  these  grains  and  dendrites  are,  in  the  case 
of  chill  castings,  elongated  and  developed  around  a  peripheral  zone, 
normal  to  the  inner  face  of  the  mould.  Macroscopic  etching  for 
several  hours  in  2  per  cent,  picric  acid  or  etching  with  the  Stead- 
Le  Chatelier  reagent  (see  Chap.  VII.)  reveals  the  dendritic  structure 
which  is  visible  owing  to  the  unequal  distribution  of  carbon  due  to 
the  heterogeneous  solidification  of  the  solid  solution.  1 

^  This  is  the  structure  termed  "  large  crystals  "  by  N.  J.  Belaiew  {see  Chap.  VII.) 
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This  chemical  heterogeneity  persists  even  after  heat  treatment, 
quenching,  anneaUng,  tempering ;  the  macrostructure,  therefore, 
always  remains  the  same  and  is  only  changed  by  mechanical  treat- 
ment [see  Chap.  VII.). 

(2)  On  passing  into  the  solid  solution  area,  GOSE'A  (Fig.  217) 
(as  already  described  in  the  anneahng  of  a  single  phase)  the  material 
assumes  a  granular  structure,  thereby  modifying  the  original  form 
resulting  on  solidification ;  N.  J.  Belaiew  has  termed  this  the 
"  granulation  area  "  (domaine  de  granulation). 

(3)  During  the  transformation  in  the  solid  state,  the  pro-eutectoid 
constituents,  ferrite  or  cementite  according  to  the  carbon  content, 
separate  from  the  gamma  iron — carbon  solid  solution  assuming, 
in  the  case  of  a  slow  transformation,  a  cellular  or  network  structure, 
and  with  more  rapid  transformation  the  Widmanstaetten  structure. 
The  microstructure  of  cast  steel  is  therefore  characterised  by  two 
limiting  structures,  and  as  a  general  rule  both  forms  are  present. 
Usually  a  network  of  ferrite  or  cementite  is  present  outlining  the 
pearlite  areas,  which  are  crossed  by  plates  or  needles  of  ferrite  or 
cementite.  This  structure,  easily  visible  under  low  magnification, 
is  one  of  the  causes  of  weakness  in  cast  material ;  it  must  be  de- 
stroyed for  the  same  reason  that  it  is  desirable  to  avoid  a  large  or 
coarse  structure  ;  hence  the  annealing  operation  to  which  cast 
material  is  subjected  (Figs.  274-277,  PI.  XLVIII.,  p.  144). 

IB.  Steel  that  has  been  Forged,  Rolled  or  Stamped  but  not 
Quenched. — In  these  steels,  the  dendritic  structure  of  primary 
solidification,  revealed  by  macroscopic  examination,  has  been 
partially  destroyed  by  mechanical  treatment ;  macroscopic  examina- 
tion will  therefore  show  a  fibrous  structure,  the  fibres  being  in  the 
direction  in  which  elongation  has  taken  place.  This  subject  wiU  be 
more  fully  considered  under  Macrostructure  (see  Chap.  VI.).  Micro- 
scopical examination  shows  the  primary  crystalline  arrangement 
and  distribution  of  the  constituents  to  have  been  destroyed,  and  in 
many  instances  there  will  be  seen  a  regular  distribution  of  the 
constituents,  ferrite-pearlite  or  cementite-pearlite,  of  no  definite 
shape  ;  however,  two  forms  of  distribution  should  be  noted,  A  and 
B,  the  first  of  which  is  characteristic  of  products  that  have  been 
submitted  to  mechanical  treatment. 

A.  Banded  or  Striped  Structure. — (Figs.  279,  280,  281,  PI.  XLIX., 
p.  144.) — If  a  longitudinal  section  of  a  rolled  or  forged  bar  of  hypo- 
eutectoid  steel  is  examined,  it  will  frequently  be  found  that  the  ferrite 
and  pearUte  are  distributed  in  bands  giving  the  structure  a  striped 
appearance.  It  should  be  observed  that  if  there  are  any  visible  inclu- 
sions, especially  sulphide  of  manganese,  these  inclusions  are  contained 
in  the  ferrite  bands,  hence  the  hypothesis  already  mentioned  (mainly 
supported  by  Ziegler  and  Brearley),   of  the  part  taken  by  these 
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inclusions  as  an  agent  in  the  separation  of  the  pro-eutectoid  consti- 
tuent. This  "  banded  distribution  "  of  the  constituents  must  be 
distinguished  from  the  simple  elongation  of  the  ferrite  and  pearlite 
produced  by  simple  pulling  out  in  one  direction  (Figs.  282-284, 
PI.  L.).  This  banded  structure  is  accentuated  by  annealing.  It 
may  also  be  found  in  hyper- eutectoid  steels  (Figs.  225-226, 
PI.  XXXV.). 

B.  Widmanstaetten  Structure. — If  a  piece  of  steel  is  retained  for 
a  long  period  at  a  high  temperature  within  the  solid  solution  area 
(granulation  zone,  Belaiew),  growth  of  the  crystal  grains  occurs  in 
accordance  with  the  general  law,  the  amount  of  growth  increasing 
with  the  temperature  and  the  time  heated.  Since  forged  articles 
are  usually  allowed  to  cool  in  air,  there  is  always  a  tendency  for  the 
intragranular  separation  of  the  pro-eutectoid  constituent,  corre- 
sponding to  the  formation  of  the  Widmanstaetten  structure.  This 
may  frequently  be  observed  in  articles  in  the  forged  condition,  as 
already  stated  by  Bernard  and  one  of  the  authors,  1  the  structure 
being  visible  at  comparatively  low  magnifications  (Fig.  278,  PI. 
XLIX.,  p.  144).  In  this  condition  the  material  possesses  a  very  low 
impact  figure,  but  subsequent  annealing  reduces  the  brittleness  of 
the  material  by  destroying  this  structure. 

As  a  general  rule,  the  texture  or  structure  will  be  finer  the  lower 
the  temperature  at  the  finish  of  the  mechanical  treatment.  If  this 
temperature  is  higher  than  the  temperature  for  the  separation  of 
the  ferrite,  the  ferrite  grains  of  that  phase  will  be  more  or  less 
equiaxed ;  on  the  other  hand,  after  cold  work  they  will  be  elongated 
in  the  direction  of  working. 

In  the  case  of  steel  which  is  annealed  as  a  final  treatment,  the 
grain  size  (the  grain  size  of  the  solid  solution  defining  the  grain  size 
after  transformation  on  cooling)  wiU  increase  and  become  of  greater 
importance  as  the  annealing  temperature,  the  annealing  time,  and 
the  carbon  content  increase. 

Special  Cases — Tendency  towards  Structural  Equilibrium  of  the 
Ferrite-Ccmentite. — It  has  been  shown  that,  as  a  general  rule,  heating 
an  alloy  in  an  area  consisting  of  two  phases  tends  to  bring  about 
grain  growth,  due  to  the  coalescence  of  the  respective  particles  of 
each  phase  and  a  consequent  decrease  in  the  number  of  particles. 
Further,  in  the  case  of  the  formation  of  one  or  two  phases,  the 
particles  of  these  phases  will  be  larger  the  slower  the  rate  of  forma- 
tion. The  combined  effect  of  these  two  actions  will  tend  to  coarsen 
the  structure  of  the  lamellar  eutectoid  conglomerate  of  ferrite-cemen- 
tite  and  to  transform  the  structure  into  rounded  masses  (compare 

^  Portevin  and  Bernard,  Revue  de  Met.,  vol.  ix.  p.  544,  1912.  However,  when 
the  primary  network  is  partially  due  to  the  inclusions,  it  persists  even  after  heat 
treatment  and  the  material  remains  brittle  (Portevin  and  Bernard,  Revue  de  Met., 
vol.  xii.  p.  155,  1915). 


152  METALLOGRAPHY 

Figs.  268,  269,  PL  XLVL,  with  Figs.  270,  271,  PI.  XLVIL,  p.  144), 
giving  in  the  first  instance  granular  pearhte  and  finally  bringing  about 
the  isolation  of  massive  ferrite  and  cementite.  The  estimation  of  the 
carbon  content  from  the  amount  of  pearlite  present  is  thus  rendered 
inaccurate  and  therefore  impracticable.  In  practice  the  effects  of 
these  phenomena  are  found  in  the  following  instances  : — 

A.  Blister  Steels. — These  are  steels  obtained  by  the  complete 
cementation  of  wrought-iron  bars  ;  owing  to  the  method  of  manu- 
facture, the  operation  occupies  several  weeks  and  the  cooling  is 
exceptionally  slow.  Microscopical  examination  shows  the  steel  to 
consist  of  separate  portions  of  ferrite  and  cementite,  or  of  lamellae 
of  cementite,  ferrite,  and  pearlite  which  are  visible  under  the  lowest 
magnifications  (X50). 

B.  Granular  Pearlite. — Granular  pearlite  is  obtained  by  pro- 
longed annealing  of  pearlite,  about  700°  C,  or  by  slowly  passing 
through  the  pearlite  formation  temperature.  1  It  may  also  be 
formed  by  the  annealing  operations  to  which  bars  and  wires  are 
subjected  during  drawing  operations. 

C.  In  Damascus  steel,  the  structure  of  which  is  obtained  by 
very  slow  cooling,  the  cementite  exists  in  the  granular  condition 
(Belaiew). 

2.  Steels,  Quenched  or  Quenched  and  Tempered. — The  character 
of  the  various  constituents  will  be  chiefly  considered.  Quenching  is 
said  to  be  the  more  severe  the  more  it  lowers  the  transformation 
zone  on  cooling,  and  therefore  the  more  it  tends  to  retain  the  con- 
dition of  the  material  that  is  stable  at  high  temperatures  or  the 
transitional  constituent  most  nearly  approaching  this  condition. 
As  a  general  rule,  the  quenching  is  more  severe  the  higher  the 
temperature  and  the  more  rapid  the  cooling  ;  the  rate  of  cooling  is 
dependent,  as  previously  mentioned,  on  the  conductivity  of  the 
bath,  the  quenching  temperature,  the  size  of  the  article,  and  the 
shape  of  the  section  of  the  article  that  requires  quenching. 

With  iron-carbon  aUoys,  the  retention  of  the  stable  condition  at 
high  temperature  is  facilitated  not  only  by  greater  severity  of 
quenching,  but  also  by  increasing  carbon  content  (also  by  other 
elements  such  as  manganese  and  nickel).  If  these  conditions  are 
considered  in  conjunction  with  the  general  quenching  conditions 
mentioned  in  Chap.  II.,  the  following  conclusions  are  arrived  at  : — 

I.  Austenite  will  only  be  obtained  by  severe  quenching  of  steel 
of  high  carbon  content.  Thus  the  maximum  amount  of  austenite 
was  obtained  by  Osmond  on  quenching  small  specimens  containing 
1-6  per  cent.  C  from  a  high  temperature  in  ice-cold  water.  It  has 
not  yet  been  obtained  in  the  pure  condition  in  simple  Fe-C  alloys  ; 

1  For  examples,  see  Portevin  and  Bernard,  Revue  de  Met.,  vol.  xii.  p.  i6i, 
1915- 


PI.  LI. 


EFFECT  OF  THE  RATE  OF  COOLING  ON  THE  CONSTITUTION 

OF  STEELS. 


Micrographs  of  a  specimen  of  0-4  "„  C.  steel  heated  and  quenched  at  one  end,  showing  the 
gradual  change  from  martensite  to  ferrite-pearlite. 

Etchant :  Picric  acid. 
(X  200.) 


Fig.  286. — Heated  end.     Martensite-troostite. 


Fig.  287. 


Fig.  288. 


Fig.  289. 


PI.  LIT. 


EFFECT  OF  THE  RATE  OF  COOLING  ON  THE  CONSTITUTION 

OF  STEELS  {co7it.). 


Micrographs  of  a  specimen  of  0*4  "o  C.  steel  heated  and  quenched  at  one  end,  showing  the 

gradual  change  from  martensite  to  ferrite-pearlite. 

Etchaut :  Picric  acid. 

(X  200.) 
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Fig.  290. 
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Fig.  292.— Uuheated  end.     Ferrito-pearlite. 


n.  Liii. 


WHITE   CAST    IRONS. 


Fig.  293.— Hypoeutectic  white  iron  .3-6  "q  C. 
The  dark  pearlite  appearing  as  primar\-  den- 
drites in  a  white  ground  mass  of  eutectic. 
( X  10.) 
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Fig.  294.  — Eutectic  white  iron. 

Etchant :  Picric  acid. 

(X  200.) 


Iron  cemented  in  liquid  cast  iron. 
Etchant  :  Picric  acid 
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i-'errice.         Feriite  and  pearlite.         Pearlite.         Pearlite,  white  iron 

eutectic  and  cementite. 
Fig.  295. 


PL  LIV. 


CONSTITUENTS   OF   THE    IRON-CARBON   ALLOYS— WHITE 

CAST   IRON. 


1°  Hypoeutectic  cast  iron. 

(  X  -200.) 


Fig.  296. 
Etchant :  Picric  acid. 


Fig.  297.— Same  field. 
Etchant :  Sodium  picrate. 


2°  Hypereutectic  cast  iron. 

( X  200.) 


Fig.  298. 
Etchant :  Picric  acid. 


Fig.  299.— Same  field. 

Etchant :  Sodium  picrate. 

(Traces  of  phosphide  eutectic  have  etched  black.) 


PI.  LV. 


HYPEREUTECTIC   WHITE   IRONS. 


Etchant :  Picric  acid. 

The  primary  cementite  appears  as  white  needles. 
The  pearlite  of  the  eutectic  etches  dark. 


Fig.  300. 
(X  200.) 


Fig.  301. 
(X  200.) 
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Fig.  302. 
(X  50.) 


Fig.  303.— C  =  40  %  ;  Si  =  0-35  %  ; 

Mn  =  4-0  %. 
(x  200.) 


PI.  LVI. 


GREY   CAST    IRON. 


The  same  field  etched  with  various  reagents. 

(X  207.) 


''    -^■'       ^ 


Fjg.  304.— As  polished. 
Graphite  black. 


Fig.  305.— Etchant :  Picric  acid. 

Graphite,  black. — Pearlite,  grey. 

Cementite,  white. 


Fig.  306.— Etchant :  Sodium  picrate. 
Graphite  and  cementite,  black. 


PI.  LVII. 


CAST    IRONS. 


I     Mottled  iron. 


The  same  field  etched  with  two  different  reagents, 
(x  200.) 


Fig.  307. — Etchant :  Picric  acid. 


Fig.  308.— Etchant :  Sodium  picrate. 


2''  Nickel  cast  iron  (Ni  =  5-88 ;  C  =  1-69). 


Fig.  309.— Etchant :  Picric  acid. 


Fig.  310.— Etchant :  Sodium  picrate. 


PI.  LVIIL 


PHOSPHORIC   WHITE    IRONS. 


Same  field  after  various  etchings. 

(X  -200.) 


Fig.  311.— Ktchant:  Picric  acid. 


Fig.  312. — Etchant :  Sodium  picrate. 


Fig.  313.— Prolonged  etching  in  sodium  picrate. 
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the  addition  of  22  per  cent.  Mn  has  enabled  ]\Iaurer  to  obtain  pure 
austenite  on  quenching  in  water  from  1050°  C. 

2.  Pure  martensite  will  only  be  obtained  by  quenching  above 
the  line  GOSL ;  quenching  below  will  result  in  the  formation  of 
ferrite-martensite  or  cementite-martensite  with,  in  most  cases,  some 
troostite  at  the  boundaries  of  the  two  constituents.  A  similar  result 
is  obtained  by  insufficient  heating  before  quenching. 

In  the  case  of  low  carbon  steels  pure  martensite  will  only  be 
obtained  by  severe  quenching.  Except  in  the  case  of  small  speci- 
mens, quenching  will  only  give  a  surface  layer  of  pure  martensite  ; 
on  passing  from  the  outside  to  the  interior  of  the  specimen  there  will 
be  found  increasing  quantities  of  troostite  together  with  ferrite  in 
the  hypo-eutectoid  steels,  or  cementite  in  the  hyper-eutectoid  steels. 

3.  Quenching  near  the  Ar^  point  produces  troostite.  The  same 
result  is  obtained  by  quenching  in  oil,  warm  water,  etc. 

4.  The  austenite-martensite  structures  obtained  by  severe 
quenching  possess  a  characteristic  structure,  the  martensite  appear- 
ing as  needles,  arrowheads,  zigzags,  etc.,  in  a  background  of  austenite ; 
when  the  proportion  of  austenite  present  is  small,  a  thickening  and 
general  growth  of  the  martensite  needles  occurs  and  they  are  then 
more  clearly  visible  ;  the  martensite  is  said  to  have  a  coarse  structure. 

Distribution  of  the  Constituents  produced  hy  quenching. — This 
subject  can  only  be  briefly  considered. 

1.  The  arrangement  of  the  martensite  needles  corresponds  with 
the  cleavage  planes  of  the  austenite  from  which  they  are  formed. 

2.  If  martensite  and  cementite  are  both  present,  the  latter  may 
appear,  as  thin  filaments,  as  the  remains  of  the  cellular  network,  as 
needles,  or  even  as  small  rounded  or  granular  particles  ;  it  is  generally 
surrounded  by  troostite  ;  under  certain  conditions,  when  all  the 
cementite  has  disappeared  through  quenching,  the  troostite  may, 
within  certain  limits,  have  a  similar  distribution.  But  more  fre- 
quently troostite  exists  as  small  rounded  masses  having  in  their 
centres  either  cementite,  ferrite,  or  martensite. 

3.  Troostite,  being  formed  by  the  transformation  of  martensite, 
will  naturally  at  first  assume  the  same  form  as  the  latter,  appearing 
as  needles,  spear-points,  etc.  ;  it  is  more  easily  attacked  by  reagents. 
Kourbatoff  has  termed  this  troosto-sorbite. 

Tempering. — ^Tempering  is  a  method  of  causing  the  transforma- 
tion to  occur  at  a  slow  speed,  the  various  transitional  constituents 
being  produced  in  the  following  order,  the  pro-eutectoid  constituents, 
ferrite  or  cementite,  being  liberated  at  the  same  time  :  1 

osmondite 


austenite  ->  martensite  ->  troostite  ->  sorbite->pearlite 

^  The  ferrite  in  this  instance  separates  as  extremely  fine  needles  which  accentuate 
3  martensitic  annearance. 


the  martensitic  appearance. 
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Figs.  286-293,  Pis.  LI.  and  LIL  (p.  152),  show  a  series  of  typical 
structures;  the  sharp  change  between  martensite  and  troostite  will  be 
observed.  Frequently  one  of  the  intermediate  stages  in  the  return  to 
the  pearlitic  state  does  not  appear  and  there  is  the  direct  conversion  : 

austenite  ->  troostite 

Double  quenching. — ^This  term  is  employed  in  the  case  of  two 
successive  quenchings  at  different  temperatures,  the  second  quench- 
ing being  at  a  lower  temperature  than  the  first.  This  form  of  treat- 
ment may  be  employed  in  the  following  instances  : — 

1.  In  homogeneous  steel,  in  order  to  obtain  sorbite  in  high 
carbon  steels  ;  it  may  be  considered  to  consist  in  quenching  followed 
by  tempering,  the  second  quenching  being  made  at  a  temperature 
between  300°  and  700°  C. 

2.  In  homogeneous  steels  of  coarse  structure  (ex.  cast  steel)  the 
structure  is  refined  by  the  first  quenching,  and  this  enables  a  fine 
structure  and  good  mechanical  properties  to  be  obtained  from  the 
second  quenching. 

3.  In  case-hardened  or  cemented  steel,  with  the  object  of  increas- 
ing the  strength  and  reducing  the  brittleness  of  the  core.  The  result 
obtained  by  such  treatment  consists  of  a  core  of  extremely  fine 
grain  or  texture  with  a  case  of  pure  martensite. 


B.  Cast  Iron  {see  PI.  LIII.-LVIII.,  p.  152) 

Constituents. — Practically  the  only  constituents  to  be  met  with 
in  ordinary  cast  irons  are  :  cementite,  pearlite,  graphite,  and  ferrite. 
The  first  two  belong  to  the  labile  system  Fe-FcgC,  the  last  two  to 
the  stable  system  Fe-graphite.  During  solidification  in  the  labile 
system,  a  eutectic  is  formed  at  1130°  C.  consisting  of  FcgC-sohd 
solution  17  per  cent.  C,  the  carbon  content  of  the  eutectic  being 
4-3  per  cent.  C  (Fig.  295,  PI.  LIII.)  ;  during  the  subsequent  cooling, 
the  proportion  of  cementite  present  increases  owing  to  the  separation 
of  cementite  along  the  line  SE'  (Fig.  217,  p.  129).  This  secondary 
deposition  of  cementite  eithef  unites  with  the  existing  eutectic 
cementite  or  remains  isolated  in  the  solid  solution,  forming  the  free 
pro-eutectoid  cementite  (cementite  needles  in  Figs.  311  and  312, 
PI.  LVIII.)  ;  but  this  change  has  but  Httle  effect  on  the  distribution 
of  the  eutectic  constituents  as  regards  the  microstructure.  Finally, 
the  formation  of  the  eutectoid  pearlite  occurs  when  the  content  of  the 
solid  solution  has  dropped  to  0-9  per  cent.  C  (point  S  on  the  diagram). 

Since,  in  practice,  these  alloys  are  never  quenched  or  chilled  in 
the  solid  state,  the  quenched  constituents  which,  in  this  case,  take 
the  place  of  pearlite,  are  rarely  seen. 

The  term  "  chill  "  applied  to  cast  irons  is  used  in  the  case  of 
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rapid  solidification  (casting  in  metal  moulds — chill  moulds)  which 
produces  the  labile  condition — white  irons.  This  explains  why 
elements  such  as  manganese,  which  tend  to  produce  white  iron, 
facilitate  the  chilling  effect. 

Structure. — Cast  irons  undergo  no  mechanical  treatment ; 
their  structure  is  that  produced  during  solidification  and  subsequent 
transformations  in  the  solid  state.  The  types  of  structure  will 
therefore  be  similar  to  those  described  in  Chap.  II. 

1.  White  Irons. — In  alloys  containing  less  than  4'3  per  cent.  C, 
the  solid  solution,  iron-carbon,  separates  from  the  liquid  in  the  form 
of  dendrites,  easily  visible  at  low  magnifications  (Fig.  294,  PI.  LIII.) ; 
these  dendrites  are  surrounded  by  eutectic,  the  structure  of  which 
is  resolved  at  medium  magnifications  ;  at  the  higher  magnification 
the  sections  through  the  branches  of  the  dendrites  appear  as  rounded 
or  elongated  masses  (Figs.  296,  297,  PI.  LIV.).  The  primary  solid 
solution  forming  one  of  the  constituents  of  the  eutectic  is  replaced 
by  pearHte  or  sorbite  which  may  or  may  not  be  traversed  by  needles 
of  pro-eutectoid  cementite.  The  eutectic  containing  4'3  per  cent.  C 
presents  either  a  speckled  (Fig.  294,  PI.  LIII.)  or  a  striped  appearance, 
according  to  the  orientation  of  the  grains  of  eutectic  in  the  section. 
In  the  aUoys  containing  above  4*3  per  cent.  C,  plates  of  primary 
cementite  will  be  observed  in  a  background  of  eutectic  (Figs.  298, 
299,  PL  LIV.  ;  Figs.  300-303,  PL  LV.). 

2.  Grey  Cast  Irons. — After  simple  polishing,  the  graphite  may  be 
seen  as  :  long  black  threads  in  the  case  of  primary  graphite  separating 
from  the  hquid  (Fig.  304,  PL  LVI.  ;  Fig.  231,  PL  XXXVII.)  ;  as 
short  threads  or  rounded  particles  if  it  is  graphite  formed  by  the 
decomposition,  on  annealing,  of  the  cementite  or  the  solid  solution 
in  a  white  iron  (temper  carbon) .  The  distribution  of  the  graphite- 
ferrite  sometimes  suggests  the  appearance  of  a  eutectic,  but  the 
existence  of  such  a  eutectic  is  disputed. 

As  a  general  rule,  graphite  and  ferrite  are  not  the  only  two  con- 
stituents present,  and  other  constituents  are  found  indicating  a 
combination  of  the  two  systems  of  which  graphite  and  cementite 
are  the  distinguishing  features.  There  are  usually  present  either 
graphite-f errite-pearlite  (the  ferrite  as  a  border  round  the  graphite) , 
or  graphite-pearUte-cementite  (Figs.  306-308,  PL  LVL),  or  even  all 
four  constituents.  The  various  constituents  may  be  easily  identified, 
graphite  before  etching  (Fig.  304,  PL  LVI.  ;  Figs.  231,  232,  PI 
XXXVII.) ,  after  etching  with  picric  acid  (pearlite  coloured)  (Fig.  305, 
PL  LVI.  ;  Fig.  309,  PL  LVIL),  or  picrate  of  soda  (cementite  coloured) 
(Fig.  308,  PL  LVI.  ;  Figs.  308-310,  PL  LVII.).i 

^  The  cast  irons  known  as  "  semi-steels  "  are  grey  cast  irons  of  low  carbon 
content  (3  per  cent,  mean)  ;  to  possess  good  mechanical  properties  and  to  machine 
easily  their  structure  should  consist  of  fine  graphite  and  pearUte,  no  ferrite  and  but 
little  or  no  cementite. 
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In  the  phosphoric  cast  irons  (Figs.  313-315,  PL  LVIIL,  p.  153)  the 
presence  of  phosphide  of  iron  will  be  noticed  and  may  be  identilied 
from  the  description  given  under  the  heading  of  inclusions. 

Case-hardened  Steels  and  Malleable  Cast  Iron 

The  above  are  the  products  obtained  by  carburisation  or  de- 
carburisation  of  iron-carbon  alloys  in  the  solid  state.  Consequently 
they  are  the  products  of  an  action  which  occurs  at  the  surface  of  the 
material  and  the  effect  of  which  varies  in  depth,  this  being  especially 
the  case  when  the  reaction  has  not  been  completed  throughout  the 
mass.  Except  in  the  latter  case  the  product  obtained  will  be 
heterogeneous  and  the  carbon  content  of  an  outer  layer  of  variable 
thickness  alone  will  be  affected.  The  result  obtained  may  therefore 
be  graphically  represented  by  a  curve  in  which  the  depths  from  the 
surface  of  the  article  treated  are  abscissae  and  the  carbon  contents 
for  each  depth  are  ordinates  ;  the  relation  between  the  distance 
from  the  surface  and  the  carbon  content  is  thereby  obtained — 
"  concentration-depth  diagram." 

Case-hardened  or  Case-carburised  Material 

Case-hardening  or  case-carburising  is  defined  as  being  a  super- 
ficial carburisation  of  a  steel  of  low  carbon  content  by  heating  this 
steel  in  a  medium,  either  solid,  liquid,  or  gaseous,  which  will  give 
up  all  or  part  of  its  carbon  to  the  steel  (the  medium  being  termed 
a  cement)  at  a  temperature  between  the  lower  transformation  tem- 
perature and  the  solidus  of  the  steel  treated.  The  process  of  case 
carburising  is  usually  followed  by  quenching,  but  unquenched 
products  will  be  considered  in  the  present  instance.  Carburisation 
occurs  from  the  surface  and  operates  towards  the  interior  ;  as  already 
stated,  there  will  be  a  gradual  alteration  of  the  carbon  content  in 
depth,  and,  as  a  general  rule,  at  some  given  depth  the  carbon 
content  will  be  that  of  the  original  steel.  This  depth  is  the  limit 
of  penetration  and  the  distance  from  the  surface  is  termed  the 
thickness  of  the  case.  If  the  carbon  content  is  at  no  point  as  low 
as  the  original  carbon  content,  the  case  hardening  is  said  to  have 
penetrated  to  the  core. 

I.  In  practice  cementation  is  used  for  two  purposes  :  complete 
cementation  of  pure  charcoal  iron  in  order  to  obtain  a  pure  iron- 
carbon  alloy  of  high  carbon  content  without  the  introduction  of 
the  impurities  found  in  steels  obtained  by  the  more  usual  methods 
of  production.  This  product  (blister  bar)  is  then  melted  in  crucibles 
in  the  manufacture  of  crucible  cast  steel. 

The  study  of  the  structure  of  blister  steel  is  of  doubtful  importance. 
It  may  be  noted  that  owing  to  the  extremely  slow  rate  of  cooling, 
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the  effects  due  to  the  coalescence  of  the  cementite  will  usually  be 
found  (free  cementite  in  a  ground  mass  of  ferrite  or  pearlite,  the 
particles  being  easily  visible  under  low  magnifications).  Micro- 
scopical examination  enables  some  estimation  of  the  carbon  content 
to  be  made,  but  in  practice  the  bars  are  sorted  into  stacks  of  definite 
ranges  of  carbon  content  by  visual  examination  of  the  fracture. 

2.  Surface  carhurisation  or  case  hardening  is  used  in  conjunction 
with  subsequent  quenching  to  give  an  extremely  hard  wearing 
surface  to  mild  steels.  As  the  depth  of  the  case  increases,  the  carbon 
content  of  the  surface  layer  also  increases  and  in  many  instances 
exceeds  the  eutectoid  content  of  0*9  per  cent.  C  ;  but  it  is  possible 
to  regulate  the  process  in  such  a  manner  that  the  carbon  content  of 
the  outer  case  will  be  less  or  greater  than  the  eutectoid  value  or 
even  o'g  per  cent.  C. 

Three  distinct  types  of  case  are  recognised  (Giolitti)  according  to 
the  carbon  content  of  the  surface : 

Type  I. — Hypereutectoid  zone — cementite. 
Type   II. — Hypoeutectoid  zone — ferrite. 
Intermediate  Type. — Eutectoid — pearlite. 

The  correct  conditions  to  obtain  one  or  other  of  these  types  of 
case  are  dependent  on  many  factors,  notably  the  nature  of  the  cement 
and  the  cementation  temperature.  1 

Type  I.  form  of  case  is  produced  by  the  hydrocarbons  and 
solid  cements  used  at  high  temperatures.  The  use  of  pure  carbon 
monoxide  as  a  cement  produces  a  case  similar  to  Type  II.,  whilst 
the  intermediate  type  is  produced  by  mixed  cements  such  as  powdered 
wood  charcoal  and  carbon  monoxide  combined. 

The  formation  of  cementite  is  assisted  by  fluctuations  in  the  tem- 
perature, as  shown  by  Giolitti  and  Scaria,  even  when  these  fluctua- 
tions occur  entirely  above  the  separation  temperature  of  pro- 
eutectoid  cementite. 

The  microscopical  examination  of  the  unquenched  case  enables 
the  carbon  content  to  be  estimated,  and  also  permits  the  depth  of 
the  case  and  the  variation  of  the  carbon  content  in  depth  to  be 
examined.  This  variation  in  depth  may  be  gradual,  but  in  some  cases 
it  is  marked  by  very  rapid  changes. 

These  rapid  variations  commence,  according  to  Giolitti  and 
Tavanti,  during  slow  cooling  or  passing  through  the  initial  separation 
temperature  of  the  pro-eutectoid  constituents — ferrite  and  cementite 
of  the  cemented  case.  The  first  particles  of  these  constituents  to 
separate  act  as  nuclei,  accumulating  the  ferrite  and  cementite 
subsequently  separating  from  the  solid  solution,  and  thus  tend  to 
produce  a  rapid  variation  of  the  carbon  content  in  depth, 

^  See  Giolitti,  "  The  Cementation  of  Steel."  Portevin,  "  La  cementation  par  les 
cements  mixtes  "  {Bull.  Soc.  Jug.  civils.,  October,  1913). 
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It  is  owing  to  this  effect  that,  in  cementations  of  Type  L,  there 
will  be  found  a  zone  of  pure  pearlite  of  definite  thickness  separating 
the  hypereutectoid  and  hypoeutectoid  layers.  Rapid  changes  of 
carbon  content  are  always  found  in  this  type  of  case  produced  by 
a  special  class  of  cement  known  as  "  quick  or  rapid  cements."  ^ 
This  rapid  change  in  carbon  content  has  been  shown,  by  Giolitti 
and  Tavanti,  to  be  the  principal  cause  of  the  flaking,  chipping, 
cracking  or  breaking  away  of  the  case.  The  case  breaks  away  in  a 
manner  very  similar  to  that  of  a  badly  welded  surface  layer — in 
the  form  of  plates  and  scales  when  the  article  is  subjected  to  a 
repeated  hammering  action.  Moreover,  the  presence  of  cementite 
on  the  outside  of  the  case  increases  the  brittleness  and  facilitates 
chipping,  especially  at  sharp  angles  and  corners  of  the  article  treated. 
Cementite  needles  (Widmanstaetten  structure)  are  a  particularly 
harmful  structure,  as  this  needle-like  structure  is  due  to  the  inter- 
section, in  the  plane  of  the  polished  surface,  of  plates  of  cementite, 
which  act  as  planes  of  weakness  in  the  resistance  of  the  material  to 
impact.  Their  effect  is  more  pronounced  at  corners  and  sharp 
angles,  and  their  absence  is  therefore  more  important  in  these 
positions. 

The  microscopical  examination  of  an  ordinary  steel,  case-hardened 
and  unquenched  (Fig.  314,  PI.  LIX.),  provides  much  valuable  in- 
formation. As  a  general  rule,  the  best  results  will  be  obtained  with 
a  case  the  outside  carbon  content  of  which  is  approximately  o"9  per 
cent.  C,  or  only  slightly  exceeds  this  value,  and  has  a  regular  decrease 
in  carbon  content  in  depth. 

The  o'9  per  cent,  carbon  content  should  be  maintained  to  a 
certain  definite  depth  in  order  that  the  hard  case  obtained  by  quench- 
ing may  be  of  sufficient  depth.  The  necessary  grinding  to  finished 
dimensions  after  quenching  must  also  be  allowed  for  in  the  original 
depth  of  the  case. 

Microscopical  examination  after  quenching  also  gives  much 
valuable  information  (Fig.  315,  PL  LX.).  As  previously  stated,  in 
most  cases  the  case,  if  it  is  to  possess  the  maximum  hardness,  should 
consist  of  pure  martensite  containing  0*9  per  cent.  C.  The  presence 
of  cementite  after  quenching  renders  the  case  very  brittle  and 
fragile  ;  the  presence  of  osmondite  indicates  too  mild  a  quenching 
and  in  some  instances  too  low  a  surface  carbon  content,  which  is 
verified  by  examination  of  an  unquenched  section.  A  low  carbon 
content  may  be  due  to  insufficient  cementation  or  to  decarburisation 
subsequent  to  cementation  (during  subsequent  heating,  etc.)  ;  in 
either  case,  microscopical  examination  of  the  annealed  specimen 

^  The  same  authors  have  mentioned  a  further  cause  for  the  rapid  variation  of  the 
carbon  content  in  depth — -cementation  at  too  low  a  temperature  (below  the  A3  point). 
This  cause  is  not  met  with  in  commercial  manufacture  under  correct  ^\•orking  con- 
ditions. 


PL  LIX. 


CASE    HARDENED    MILD   STEEL   (UNQUENCHED; 


Pig.  314. — -Cemented  mild  steel,  unquenched. 
Etchant :  Benedicks'  reagent  (1'  30").     (  x  180.) 


PI.  LX. 


CASE   HARDENED   STEEL  (QUENCHED). 


Fig.  315.— Section  of  tooth  of  a  gear  wheel,  case  liardcned  aud  (luenched. 
On  the  edge  white  martensite,  towards  the  interior  troostite  dark  and  ferrite  white. 

(X75.) 
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will  supply  the  information.  Precautions  must  be  taken  in  annealing 
to  ensure  that  decarburisation  docs  not  occur — rapid  annealing  in 
a  lead  bath. 

It  must  not  be  overlooked  that,  as  stated  by  Berjot  and  one  of 
the  authors,!  prolonged  annealing  completely  alters  the  depth  of 
the  case  and  the  distribution  of  the  carbon.  The  cementation 
becomes  progressively  more  uniform  on  continued  heating  at  a  high 
temperature.  This  method  therefore  offers  a  means  of  destroying 
the  hypereutectoid  surface  when  this  exists,  but  at  the  same  time  it 
alters  the  depth  of  the  case. 

In  commercial  practice  the  thickness  of  the  case  is  estimated 
from  the  fracture  of  the  quenched  case-hardened  specimen.  Under 
these  conditions  a  very  definite  dividing  line  between  the  case  and 
the  core  is  seen  by  the  rapid  change  in  fracture,  2  the  case  having  a 
dull  fine  fracture,  the  core  a  coarser  and  brighter  fracture.  It  is 
accepted  that  this  sharp  change  in  structure  marks  the  limits  of  the 
core  that  can  be  estimated  in  this  manner,  but,  as  already  stated 
by  Berjot  and  one  of  the  authors, ^  distinctly  different  results  may  be 
obtained  from  the  microscopical  examination  of  unquenched  polished 
specimens  after  etching  as  compared  with  the  estimation  of  similar 
specimens  quenched  and  fractured.  In  the  latter  case  the  thickness 
varies  according  to  the  quenching  temperature. 

With  hypereutectoid  cases  of  high  carbon  content,  the  hyper- 
eutectoid section  appears  in  the  fracture  as  a  series  of  facets  similar 
in  appearance  to  a  white  iron  fracture  in  miniature.  The  fracture 
in  this  case  shows  three  distinct  areas. 

Cementation  of  Special  Steels. — The  progressive  changes  caused 
by  cementation  (increase  of  the  carbon  content)  wiU  be  shown  by 
variations  in  structure  in  accordance  with  the  diagrams  given  later 
(p.  173,  cont.).  It  is  merely  necessary  to  consider  the  horizontal 
line  corresponding  to  a  given  content  of  the  special  element  in  the 
steel  in  order  to  consider  the  various  modifications  occurring  with 
an  increase  of  the  carbon  content.  Thus,  commencing  with  a 
pearlitic  nickel  steel,  it  is  possible  to  obtain  by  carburisation,  and 
without  quenching,  a  surface  layer  of  martensite  of  extreme  hard- 
ness •* ;  or  by  commencing  with  a  martensitic  steel,  it  is  possible  by 
cementation  to  obtain  an  austenitic  surface  layer  of  less  hardness 
(Mohs'  scale). 

The  speed  of  penetration  which  is  defined  as  the  thickness  of 
case  produced  by  cementation  for  a  definite  time  at  a  definite  tem- 
perature is  altered  by  the  presence  of  certain  special  elements,  and 
is  also  dependent  on  the  nature  of  the  cement  employed  ;    thus 

1  Portevin  and  Berjot,  Revue  de  Met.,  vol.  vii.  p.  74,  1910. 

*  When  the  case  is  not  very  deep. 

*  Portevin  and  Berjot,  Revue  de  Met.,  vol.  vii.  p.  73,  1910. 
^  Guillet,  Bull.  Soc.  Ivg.  civils,  fev.  1904. 
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nickel  has  been  stated  to  both  increase  (Guillet)  and  decrease 
(Giohtti)  the  rate  of  cementation  according  to  whether  the  Caron 
cement  (charcoal +barium  carbonate)  or  the  mixed  cement  (C+CO) 
is  employed. 

Cementation  of  chrome,  tungsten,  molybdenum,  and  vanadium 
steels  of  low  carbon  content  brings  about  the  formation  of  the 
double  carbides.  1 

Steels  containing  2  per  cent,  or  more  of  silicon  and  aluminium 
are  not  cemented  by  wood  charcoal. 

Malleable  Cast  Iron 

Malleable  cast  iron  is  manufactured  by  submitting  cast  iron 
containing  approximately  3  per  cent.  C  and  fairly  low  manganese 
to  prolonged  annealing  at  1100°  C.  in  some  oxidising  medium. 
Three  changes  will  be  observed  to  occur : 

1.  Progressive  decarburisation  from  the  surface  inwards  which 
may  be  complete  in  the  case  of  thin  articles. 

2.  Precipitation  of  graphite  and  the  establishment  of  stable 
equilibrium  in  the  central  portions  of  thicker  articles. 

3.  General  grain  growth  of  the  constituents,  produced  by  the 
prolonged  heating  at  high  temperature.  The  resulting  weakness 
and  brittleness  may  be  destroyed  by  a  second  annealing  or,  better, 
by  air  quenching. 

These  three  phenomena  having  been  previously  considered  and 
described,  the  present  description  will  be  confined  to  their  appli- 
cation. 

Finally,  cast  iron  is  sometimes  rendered  malleable  (American 
method)  by  simple  annealing,  without  oxidation,  decomposing  the 
cementite  with  the  formation  of  temper  carbon. 

Connection  between  the  Mechanical  Properties,  the  Equihbrium 
Diagram,  and  the  Treatment 

Connection  between  the  Mechanical  Properties  and  the  Diagram. — 

The  diagram  shows  the  constitution  of  annealed  iron  carbon 
alloys  at  ordinary  temperature.  The  relation  between  the  con- 
stitution and  mechanical  properties  will  now  be  considered. 

The  iron-carbon  alloys  consist  of  ferrite — pure  iron  (malleable, 
ductile,  soft) — and  cementite — carbide  of  iron  (definite  compound, 
hard,  brittle)  ;  these  two  constituents  are  present  partially  inter- 
mixed in  the  form  of  a  fine  conglomerate,  pearlite.  The  percentage 
proportion  of  ferrite  (total  ferrite)  decreases,  and  the  percentage 
proportion  of  cementite  (total  cementite)  increases  proportionally 

*  Guillet,  Bull.  Soc.  Ing.  civils.  fev.  1904. 
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with  the  carbon  content  as  indicated  in  diagram,  Fig.  316  (Howe). 
The  ductility  decreases  proportionally  as  the  amount  of  ferrite  is 
reduced,  whilst  the  hardness  increases  with  the  proportion  of 
cementite  present.  As  regards  the  ultimate  strength,  this  increases 
up  to  I  25  per  cent.  C,  then  commences  to  decrease,  the  free 
cementite  then  affecting  and  decreasing  the  strength  of  the  pearlite 
structure  in  which  it  is  intermixed. 

The  diagram  therefore  represents  the  variations  of  the  principal 


Fig.  316. 

statical  mechanical  properties  with  alteration  of  carbon  content. 
As  regards  the  brittleness  and  resistance  to  impact,  this  property 
depends  not  only  on  the  proportion  of  the  constituents  present,  but 
also  on  their  relative  distribution  and  size,  including  grain  size.  It 
is  therefore  impossible  to  illustrate  this  property  as  a  function  of 
the  chemical  composition  of  the  alloy,  but,  other  conditions  being 
equal,  its  value  also  diminishes  in  proportion  to  the  free  cementite 
present. 

Annealed  Steels. — With  annealed  steels   it   is  possible  to  define 


50r-- 


%  Carbon, 
content 


the  static  mechanical  properties  as  a  function  of  the  carbon  content 
by  means  of  Deshayes'  diagram  (Fig.  317),  plotted  for  pure  steels 
and  applicable  to  steels  of  varying  chemical  composition  by  employing 
one  of  the  many  formulae  for  calculating  the  ultimate  strength  and 
percentage  elongation  for  varying  chemical  composition. 
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The  following  examples  may  be  quoted  : — 
Deshayes — 

R=3o+i8C+36C2+i8Mn+ioSi+i5P 
elongation  per  cent.=42— 36C— 5'5Mn— 6Si 

The    equations    formulated    by    Osmond    distinguish    between 
open  hearth  and  Bessemer  steels — ^ 

R=264-6oC+23Mn+iiSi+65P(35-6o  ton  Bessemer  steel) 
R=26+46-5+2iMn+iiSi+65P(22-4o  ton  Marten  steel) 

Juptner's  equation — 

„         ^    ,  200  „   ,  200  o-    ,  100  ,T 

R  =  25  +   --    C  +        Si  +  -^   Mn 

:>  7  7 

Alloys  containing  Graphite. — In  grey  cast  iron  the  graphite,  which 
is  soft,  friable,  and  porous,  tends  to  decrease  the  hardness  and  the 


'/o  Gbmbimd  Carbon 
%  Graphite 


ultimate  strength  and  to  increase  the  porosity  of  the  metal ;  further, 
it  lessens  the  ductility  by  causing  discontinuity  in  the  metal.  Thus 
the  mechanical  properties  of  a  cast  iron  are  inferior  to  those  of  an 
alloy  in  which  the  graphite  is  absent  but  which  is  of  otherwise  similar 
composition. 

If  a  series  of  alloys  of  the  same  total  carbon  content,  e.g.  4  per 
cent.  C,  are  examined,  the  greater  the  amount  of  free  graphite 
the  less  the  amount  of  carbon  in  the  ground  mass  surrounding  the 
graphite  flakes  ;  but  the  properties  of  the  ground  mass  are  given 
by  the  diagram,  Fig.  316.  The  properties  of  an  alloy  containing 
4  per  cent.  C  may  therefore  be  deduced  as  a  function  of  the  graphite 
content  as  illustrated  in  the  diagram,  Fig.  318  (Howe). 

The  proportion  of  graphite  for  a  given  total  carbon  content 
depends,  as  already  mentioned,  on  the  rate  of  cooling  and  the 
manganese  and  silicon  contents. 


Connection  between  the  Mechanical  Properties  and  the  Treatment 
of  the  Material  (Steel) 

Only  the  main  outlines  of  this  subject,  which  has  been  the  object 
of  many  researches,  can  be  dealt  with  in  the  present  instance. 

^  Translator's   note:    The  ultimate  strength  =  R  will  be   given  in  kilos   mlm^. 
To  convert  to  tons  sq.  in.  multiply  this  result  by  cOji. 
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It  will  be  remembered  that  for  any  given  carbon  content  mar- 
tensite  is  the  hardest  constituent  of  steels,  harder,  more  particularly, 
than  austenite  and  troostite.  Troostite  is  harder  than  sorbite 
and  pearlite.  Inversely,  mar- 
tensite  is,  as  a  general 
rule,  very  brittle,  and  sorbite 
possesses  the  greatest  resist- 
ance to  shock  or  impact. 

These  data  will  explain 
the  general  results  which 
follow  : — 

I.  Effect  of  Quenching  Tem- 
perature.— A  steel  containing 
approximately  o"9  per  cent. 
C,  and  consisting  entirely  of 
pearlite,  may  be  taken  to 
illustrate  the  changes  in  a 
definite  mechanical  property, 
such  as  hardness,  produced 
by  variations  in  the  quenching  temperature.  The  variations  of  the 
scleroscope  hardness  give  a  curve  of  the  form  Fig.  319  (Portevin  and 
Berjot)  ;  on  passing  through  the  transformation  point  the  formation 
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Fig.  320. 

of  martensite  is  marked  by  an  enormous  increase  in  hardness.  1 
As  the  quenching  temperature  increases,  the  retention  of  austenite 
in  increasing  amount  causes  a  slow  diminution  of  the  hardness. 

1  See  also  McCance  :   Jour.  I.  and  S.  Inst.,  vol.  Ixxxix.  pp.  192-244,  1914. 
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2.  Effect  of  the  Tempering  Temperature. — The  effects  produced  by 
varying  tempering  temperatures  will  be  illustrated  by  means  of 
three  diagrams,  Figs,  320,  321,  322,  produced  by  Grard  from  results 
obtained  with  a  mild  steel  (ult.  st.  28  tons  sq.  in.  in  the  annealed 
state),  a  medium  carbon  steel  (ult.  st,  =38  tons  sq.  in.  annealed), 
and    a    hard  steel   (ult,   st.=45  tons  annealed).     The    tempering 
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Fig,    321. 

temperatures  after  quenching  are  plotted  as  abscissas,  the  varying 
values  of  the  different  mechanical  properties  as  ordinates. 
Particularly  to  be  noticed  are — 

1.  The  increase  in  hardness  and  ultimate  strength  on  tempering  at 
the  lower  temperatures,  owing  to  the  transformation  of  the  residual 
austenite  to  martensite. 

2.  Above  200°  C,  the  decrease  in  hardness,  elastic  limit,  and 
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ultimate  strength,  and  the  increase  in  percentage  elongation  owing 
to  the  progressive  transformation  of  martensite  into  troostite, 
sorbite,  and  pearlite. 

3.  The  maximum  impact  figures  obtained  on  tempering  about 
700°  C,  characteristic  of  sorbite. 

4.  The  inclusion  of  re-heatings  above  700°  C.  which  constitute 
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annealing  operations.  Under  these  conditions  all  the  values  of 
the  mechanical  properties  are  reduced  by  the  consequent  growth  in 
grain  size. 

Connection  between  the  Microstructure  and  the  Fracture  of  the 
Material. — It  is  known  that  in  tensile  tests,  fractures  of  various 
forms  are  produced  ;  a  definite  connection  exists  between  these 
fractures  and  the  micro-structure  of  the  material  (Bannister) — 
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1.  Cupped  fracture  :    homogeneous  steels  of  fine  grain,  no  in- 
clusions. 

2.  Lamellar  or  oblique  fracture  :    distribution  of  the  ferrite  and 
the  inclusions  (MnS)  in  the  form  of  bands  (ghost  lines) . 

3.  Irregular    fracture :     irregular    distribution    of     the    ferrite, 
pearlite,  and  inclusions. 


SPECIAL  STEELS 

Methods  of  Classification. — As  previously  stated,  special  steels 
and  cast  irons  are  those  iron-carbon  alloys  to  which  definite  quantities 
of  some  special  element  or  elements,  such  as  nickel,  manganese, 
silicon,  chromium,  tungsten,  vanadium,  .  .  .,  have  been  intention- 
ally added.  They  are,  essentially,  at  least  ternary  alloys  Fe— C— M. 
Their  logical  method  of  examination  would  be  by  means  of 
equilibrium  diagrams,  but  to  the  complexity  of  such  diagrams  is 
added  the  additional  complication  that  most  of  these  special  elements 
introduce  important  hysteresis  effects  which  render  it  practically 
impossible  to  establish  perfect  physico-chemical  equilibrium  con- 
ditions. Therefore  but  few  limited  attempts  have  been  made  in 
the  construction  of  such  diagrams. 

If,  on  the  contrary,  a  definite  transformation  of  an  iron-carbon 
alloy  of  definite  constant  carbon  content  is  considered,  the  addition 
of  one  of  the  special  element  will  have  a  double  effect  1  : 

1.  Displaces  the  equilibrium  transformation  temperature. 

2.  Modifies  the  hysteresis  effect. 

These  two  causes  operate  simultaneously  in  modifying  the  trans- 
formation points  on  heating  and  cooling.  Since  the  determination 
of  the  equilibrium  temperature  is  either  extremely  difficult  or  im- 
possible, it  is  necessary  to  study  the  hysteresis  effect  produced  and 
the  change  in  the  transformation  points  on  heating  and  cooling  at 
definite  rates  of  heating  and  cooling.  Also,  it  has  been  shown,  in 
the  case  of  carbon  steels,  that  the  structure  and  properties  of  an 
alloy  are  dependent  on  the  position  of  the  transformation  point  at 
the  time  of  cooling  ;  this  suggests  the  transformation  point  on  cooling 
as  the  characteristic  to  be  studied,  and,  in  addition,  the  study  of 
the  hysteresis  effect  which  permits  an  estimation  to  be  made,  within 
certain  wide  limits,  of  the  displacement  of  this  point  with  varying 
rates  of  cooling.  There  is  thus  a  method  of  classifying  the  special 
steels  and  the  effects  produced  by  varying  heat  treatments.  The 
structure,  which  is  connected  on  the  one  hand  with  the  previous 

1  Actually,  the  effect  is  even  more  complicated,  the  variance  increasing  by 
unity  for  each  element  added ;  thus  the  addition  of  a  third  element  to  a  binary  alloy 
splits  up  the  eutectic  solidification  into  two  stages,  the  second  stage  only  being  at 
constant  temperature  (triple  eutectic). 
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transformation  during  cooling,  and  also  with  the  actual  properties  of 
the  steel,  may  also  serve  as  a  basis  of  classification.  Of  these  two 
methods  of  classification,  the  principles  of  which  were  suggested  by 
Osmond,  the  classification  according  to  structure  is  the  more  con- 
venient to  choose  for  the  purposes  of  a  work  of  this  nature.  However, 
the  general  outline  of  the  classification  according  to  the  transforma- 
tion on  cooling  will  be  described,  the  divisions  and  method  of  repre- 
sentation given  being  that  adopted  by  Grenet.i 

Classification  of  Steels  according  to  the  Transformation  Tempera- 
tures on  Cooling. — Method  of  Representation. — The  transformations 
are  represented  by  means  of  dilatation  curves  on  heating  (dotted  line) 
and  on  cooling  (continuous  line) . 

For  simplification,  the  several  periods  of  transformation,  which 
frequently  are  not  individually  discernible,  are  grouped  as  a  single 
point.  Each  curve  will  therefore  only  have  two  changes  of 
direction  on  heating  and  cooling,  indicating  the  commencement 
and  the  end  of  the  transformation.  Below  and  above  the  period 
of  transformation  the  curve  shows  the  expansion  of  the  steel 
in  the  stable  condition  at  ordinary  temperatures  and  the  stable 
condition  at  high  temperatures.  The  directions  of  these  two 
portions  of  the  curve  are  not  greatly  different.  Fig.  326  represents 
such  a  curve  :  BC  indicates  the  transformation  on  heating,  EF 
that  occurring  on  cooling  ;  AB  the  stable  condition,  at  ordinary 
temperature,  on  heating  ;  CD  the  stable  condition,  at  high  tem- 
peratures, on  heating  ;  DE  the  stable  condition,  at  high  tempera- 
tures, on  cooling ;  FA  the  stable  condition,  at  ordinary  tempera- 
tures, on  cooling. 

As  previously  mentioned,  with  a  given  steel  the  transformation 
temperature  on  cooling  depends  on  :  the  maximum  temperature 
attained,  the  length  of  time  heated  at  that  temperature,  and  the  law 
of  cooling.  2  For  purposes  of  simplification,  it  will  be  assumed,  in 
the  following  description,  that  the  steels  have  been  heated  in  equal 
periods  of  time  to  the  same  temperature  [e.g.  900°  C),  and  the  law 
of  cooling  will  be  defined  as  the  mean  rate  of  cooling  within  the  area 
in  which  the  transformation  occurs,  the  following  standard  rates 
being  adopted  : — 

Very  slow  cooling  :   100°  C.  in  30  minutes. 

Moderately  slow  cooling :  approximately  100°  C.  in  ten 
minutes. 

Steels  may,  according  to  Grenet,  be  divided  into  four  classes  or 
groups. 

^  "  Trempe,  Recuit,  Cementation  et  conditions  d'emploi  des  aciers,"  Paris, 
Beranger,   1911. 

*  The  effect  of  the  two  factors,  temperature  to  which  the  material  is  heated  and 
the  rate  of  cooling,  has  been  more  fully  dealt  with  by  one  of  the  authors  in  the  case 
of  chrome-nickel  steels  (Portevin,  Revue  de  Met.,  Sept.,  1917). 
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Group  I. — Steels  having  approximately  the  same  transformation 
temperature  during  slow  cooling  as  on  heating  i  (curve,  Fig.  323). 

Examples  :  Ordinary  carbon  steels  and  most  of  the  special  steels 

used      commercially      for 
structural  purposes. 

Group  II. — Steels 
having  approximately  the 
same  transformation  tem- 
perature during  slow  cool- 
ing as  on  heating  (Fig. 
324),  but  the  transforma- 
tion temperature  of  which 
at  the  medium  rate  of  cool- 
ing is  very  much  lower 
than  on  heating  (curve, 
Fig.  325).  The  speed  of 
cooling  necessary  to  sepa- 
rate the  two  transforma- 
tion temperatures  is  also 
dependent   on    the    maxi- 
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-Group  I.  steels,  actual  cooling  curves 
(Grenet). 
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mum  temperature  attained  and  the  length  of  time  this  temperature 

has  been  maintained. 

The  high-speed  tool  steels  may  be  mentioned  as  examples  of  this 

group  (compositions,  chrome-tungsten,  chrome-molybdenum,  chrome- 
tungsten- vanadium)  .  With 
high-speed  tool  steels,  the 
transformation  on  cooling 
may  occur  either  between 
the  transformation  tem- 
perature and  600°  C,  or 
below  300°  C,  but  not 
within  a  definite  range 
between  these  two  tem- 
peratures. Therefore  under 
certain  conditions  of  heat- 
ing and  cooling,  the  trans- 
formation on  cooling  is 
divided  into  two  periods,  a 
condition  which  may  be 
found  with  all  ordinary 
and  special  steels. 
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-Group  II.  steels,  very  slow  coolinj. 
(Grenet). 


Group  III. — Steels,  the  transformation  temperatures  on  cooling 
of  which,  even  at  very  slow  rates  of  cooling,  are  distinctly  different 

1  Grenet  includes  in  this  group  the  special  steels  the  hysteresis  elfect  of  which 
on  slow  cooling  is  less  than  150°  C. 
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rio 


from  the  transformation  temperatures  on  heating  (curve.  Fig.  326). 

The  following  steels  may  be  mentioned  as  industrial  examples  of 

Group  III.  :   nickel-chrome  steels  (3"5— 60  per  cent.  Ni+i-20  per 

cent.    Cr,     and    less    than 

065    per    cent.    C).       The 

chromium  may  be  partially 

or     totally     replaced     by 

manganese,     tungsten,    or 

molybdenum. 

The  transformation  on 
cooling  may  occur  at  any 
temperature  between  the 
atmospheric  temperature 
and  the  transformation 
temperature  on  heating. 
This  depression  of  the 
transformation  point  is 
not,  however,  proportional 
to  the  content  of  the 
special  element  added ; 
the  addition  of  17  per  cent.  Cr  to  a  4  per  cent.  Ni  steel  lowers  the 
transformation  point  on  cooling  from  600°  to  200°,  but  further 
additions  of  chromium  depress  the  transformation  very  slowly  ;  thus 

in  common   use,  a  slight  variation  in 
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-Group  II.  steel,  medium  rate  of 
cooling  (Grenet). 
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in  the  case  of  those  steels 
the  chemical  composition 
(i  per  cent.  Ni+i  percent. 
Cr)  is  sufficient  to  change 
the  transformation  on  cool- 
ing from  700°  C.  to  300° 
C. 

As  there  is  always  a 
depression  of  the  transfor- 
mation point,  no  matter 
how  slow  the  rate  of  cool- 
ing, any  heating  of  the 
steel  above  the  transfor- 
mation point  on  heating, 
produces  a  quenching  or 
hardening  effect ;  to  soften 
these  steels,  they  must  be 
subjected  to  a  form  of  tem- 
pering, by  heating  them  below  the  transformation  point  on  heating. 

Group  IV. — Steels  having  transformation  temperatures  on  cooling 
below  the  atmospheric  temperature  (curve,  Fig.  327).  The  steels 
remain  on  the  stable  condition  at  high  temperatures. 
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Examples :  Steels  of  high  nickel  and  manganese  content.  In 
certain  instances,  cooling  below  the  atmospheric  temperature  brings 
about  the  transformation  (Fig.  328).  These  steels  are  able  to 
undergo  reversible  magnetic  transformations,  but  such  transforma- 
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Fig.  327. — Group.  IV.  steels  (Grenet). 

tions,  as  previously  stated,  are  not  shown  in  a  marked  manner  by 
thermal  analysis  or  in  the  microscopic  structure. 
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Classification    according    to    Microscopic   Structure. — One   of    the 

chief  points  that  will  be  noted  in  the  microscopical  examination  of 
special  steels  is  the  fact  that  their  structure  is  described  without 
introducing  constituents  other  than  those  already  described  in  the 
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case  of  ordinary  annealed  and  quenched  carbon  steels  ;  an  exception 
is  made  in  the  case  of  the  double  carbides,  which,  however,  could  be 
included  as  cementite. 

It  has  only  been  possible  to  restrict  the  terms  in  use  by  increasing 
or  broadening  the  distinctive  characteristics  of  the  various  con- 
stituents ;  the  definitions  previously  given  will  still  be  apphcable, 
but  it  must  be  noted  that  the  constituents  of  variable  concentra- 
tion (austenite,  martensite,  troosite,  osmondite,  carbides  .  .  .)  will 
have  chemical  properties  and  consequently  etching  effects  or  colora- 
tions dependent  on  their  chemical  composition,  and  therefore  on 
their  carbon  content  and  the  content  of  any  special  element  they 
contain  ;  thus  martensite  of  any  definite  carbon  content  is  less 
readily  coloured  by  etching  when  it  contains  nickel ;  similarly  carbide 
containing  tungsten  is  less  readily  etched  by  sodium  picrate,  as  the 
tungsten  content  increases. 

Therefore  the  descriptions  of  the  constituents  of  carbon  steels, 
already  given  (p.  137)  will  apply  equally  to  the  special  steels,  and  it 
only  remains  to  give  a  short  description  of  the  double  carbides  and 
pure  austenite  which  are  met  with  in  special  steels,  and  which  have 
not  yet  been  described. 

Pure  Austenite. — Appears  as  crystal  grains  (polygonal  structure), 
similarly  to  all  solid  solutions.  If  the  carbon  content  of  the  solid 
solution  is  not  too  low,  it  is  possible,  by  prolonged  etching  with 
ordinary  acid  reagents,  to  produce  all  the  spectrum  colours  on  the 
grains,  the  colour  produced  being  dependent  on  the  time  of  etching 
and  orientation  of  the  respective  grains  ;  this  effect  offers  a  means 
of  distinguishing  austenite  from  ferrite.  A  further  distinctive 
characteristic  of  austenite  is  the  frequent  twinning  of  the  crystals. 
Various  other  minor  characteristics  have  been  suggested  by  certain 
authors  to  distinguish  the  austenites  of  nickel,  manganese,  chromium 
and  even  the  martensites  of  these  various  metals  ;  these  are  fre- 
quently only  individual  differences  observed  in  the  examination 
of  certain  specimens  and  have  no  basis  for  their  general  appli- 
cation. 

Carbides. — Appear  separately  as  small  grains,  usually  rounded 
but  sometimes  of  geometric  outline  or  as  filaments  appearing  in 
relief  after  polishing.  They  are  not  attacked  by  the  usual  etching 
reagents,  but  are  attacked  and  coloured  in  some  instances  (similarly 
to  cementite)  by  sodium  picrate.  Certain  carbide  steels  remain 
unaffected  by  most  chemical  reagents,  and  are  only  attacked  by 
powerful  reagents  such  as  molten  potassium  bisulphate,  aqua  regia, 
and  even  then  the  carbide  constituent  remains  unaffected. 

Diagrams. — The  microscopic  study  of  the  special  steels  or  alloy 
steels  has  been  dealt  with  in  a  special  treatise  by  one  of  the  authors  ^ 

^  Guillet,  "  Les  Aciers  speciaux,"  2  vols.,  Paris,  Dunod  and  Pinat,  1904,  1905. 
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in  the  form  of  diagrams  showing  the  structure  of  these  alloys  at 
ordinary  temperature,  after  ordinary  annealing,  as  a  function  of  the 
carbon  content  and  the  content  of  the  special  elements  present. 
These  diagrams  are  not  equilibrium  diagrams  ;  they  outline  the 
areas  occupied  by  the  various  transitional  constituents  (martensite, 
troostite,  etc.)  and  permit  of  a  comparison  of  the  various  steels  under 
similar  annealing  conditions.  By  their  use  it  is  possible  to  form  an 
estimate  of  the  modifications  in  structure  that  may  occur  in  a  given 
series  of  steels  and  also  the  variation  in  mechanical  properties. 

The  following  brief  account  of  the  special  steels  will  be  limited 
to  the  ternary  alloys  in  more  general  use  and  will  include  nickel 
steels,  manganese  steels,  silicon,  chrome,  tungsten,  molybdenum, 
and  venadium  steels.  In  each,  there  will  be  considered  :  the  effect 
of  the  special  element  on  the  transformation  points  ;  the  structural 
diagram  ;   the  general  variation  in  properties  of  the  steel. 

Nickel  Steels 

Transformation  Points. — Nickel  lowers  the  transformation  points 
and  increases  the  hysteresis  effect. 

Low  Carbon  Steels. — i.  The  addition  of  nickel  to  a  steel  simultane- 
ously lowers  the  three  points  A3,  A2,  A^.  With  4  per  cent,  nickel  the 
A3  and  A2  points  merge  into  one  point ;  with  8  per  cent,  nickel 
present  the  A3,  A2,  and  A^  points  combine  (Osmond,  carbon  content 
o'i6  per  cent.  C). 

2.  The  complete  investigation  of  the  magnetic  transformation 
of  the  iron-nickel  alloys  of  low  carbon  content  by  numerous  investi- 
gators has  resulted  in  their  subdivision  into  two  classes. 

{a)  Up  to  25  per  cent,  nickel,  the  hysteresis  effect  is  important 
and  increases  greatly  with  the  nickel  content.  These  steels  are 
termed  irreversible  ;  at  the  same  temperature  they  may  exist  in  the 
magnetic  or  non-magnetic  condition  according  to  their  previous 
treatment. 

(b)  Above  25  per  cent,  nickel,  the  hysteresis  of  the  magnetic 
transformation  has  a  maximum  of  100°  and  the  transformation  curve 
rises  to  a  maximum  and  then  faUs  to  the  magnetic  transformation 
point  for  nickel.  These  alloys  are  termed  reversible.  The  diagram. 
Fig.  329,  illustrates  these  phenomena  ;  the  result  of  Dumas'  deter- 
minations has  been  to  extend  these  curves  beyond  their  point  of 
intersection  ;  thus  a  steel  containing  2772  per  cent.  Ni  which  is 
practically  non-magnetic  at  ordinary  temperatures,  becomes  reversibly 
magnetic  in  solid  carbon  dioxide  and  irreversibly  magnetic  in  liquid 
air. 

The  tremendous  transformation  hysteresis  effect  exhibited  by  the 
irreversible  nickel  steels  indicates  that   there  is  a  large  interval 
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between  the  transformation  temperature  on  cooling  and  the  equili- 
brium temperature.  Thus  it  is  only  by  exceptionally  slow  cooling 
that  it  is  possible  to 
obtain  equilibrium 
structures  ;  by  this 
means  are  obtained 
the  constituents  of 
meteoric  irons  :  ka- 
macite,  taenite  and 
plessite,  but  they 
are  never  obtained 
in  ordinary  practice 
and  can  only  be 
artificially  pro- 
duced under  excep- 
tional conditions 
(Benedicks). 

Medium  Carhon 
Steels. — ^The  addi- 
tion of  carbon  and 

manganese  considerably  depresses  the  transformation  points 
(Dumas).  The  thermo-electric  determinations  of  Boudouard  have 
shown  that  whereas 
30  per  cent,  nickel 
is  necessary  to  cause 
the  disappearance 
of  the  transforma- 
tion point  on  cool- 
ing when  o"i2  per 
cent.  C  is  present, 
979  per  cent,  nickel 
is  sufficient  to  pro- 
duce the  same  effect 
with  1-05  per  cent. 
C  present.! 

Microstructure. — 
According  to  their 
nickel  and  carbon 
contents,  the  nickel 
steels  consist  of 
pearlite  (associated 

-termed 


NicXei  V, 
Fig.  329. — Magnetic  transformation  points  of  nickel 
steels  (Osmond). 
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with  ferrite  or  cementite  according  to  the  carbon  content)- 
pearlitic  nickel  steels — martensite  or  austenite. 

^  Dejean,  by  recent  determinations,  has  shown  the  splitting  up  of  the  trans- 
formation point  on  cooUng,  in  the  case  of  nickel  steels,  in  accordance  with  the  general 
phenomenon  mentioned  on  p.  181  ("  Special  steel,"  Group  III.),  and  pp.  194,  196,  197. 
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The  greater  the  amount  of  carbon  present,  the  less  the  amount 
of  nickel  required  to  pass  from  one  structure  to  the  other.  These 
results  are  due  to  the  effects  produced  on  the  transformation  points 
(cooling) . 

The  table  and  the  diagram,  Fig.  330,  indicate  the  microstructures 
of  the  normal  steels  after  ordinary  annealing. 


Description. 

Carbon  content  below 
o'i2  per  cent. 

Carbon  content  below 
o-8o  per  cent. 

Pearlitic     .  . 

Martensitic 

Austenitic 

Ni  <  10 

10  <  Ni  <  27 

Ni  >27 

Ni<5 

5  <  Ni  <  15 

Ni>i5 

Figs.  331-334,  PI.  LXL  ;  Figs.  335,  336,  PL  LXIL,  illustrate 
typical  microstructures  {see  p.  176). 

The  change  from  one  class  to  the  other  occurs  progressively  ;  in 
the  diagram  are  included  areas  corresponding  to  the  simultaneous 
existence  of  pearlite  and  martensite  or  martensite  and  austenite. 
The  different  areas  are  divided  by  straight  lines  which  if  extended  in 
one  direction  meet  approximately  at  a  point.  It  should  be  noted 
that  nickel  reduces  the  grain  size  and  gives  the  pearlite  a  finer 
structure. 

On  quenching,  the  pearlitic  nickel  steels  become  martensitic. 
The  martensitic  steels  remain  martensitic  or  tend  to  become  auste- 
nitic after  similar  treatment ;  other  conditions  being  constant,  the 
quenching  effect  is  more  pronounced  the  greater  the  nickel  content. 
The  austenitic  steels  are  not  affected  by  quenching,  except  those 
near  the  martensitic  area,  which  become  partially  martensitic  on 
quenching. 

Figs.  :^;^y,  338,  PI.  LXIL  ;  Figs.  339,  340,  PI.  LXIL,  illustrate 
the  effects  of  heat  treatment  {see  p.  176). 

Cold-work  converts  the  non-magnetic  steels  into  the  magnetic 
variety  and  brings  about  the  formation  or  development  of  cleavage 
planes  and  martensitic  needles  and  zigzags  within  the  austenite 
polyhedra  (Figs.  341-342,  PI.  LXIV.).  It  should  be  noted  that  the 
transformation  into  the  acicular  structure,  which  is  accompanied 
by  an  increase  in  volume,  may  be  seen  in  relief  on  the  partially 
polished  specimen  before  etching  (Fig.  345,  PI.  LXIV.,  p.  176). 

In  all  cases  of  cold-work,  internal  strain,  or  rapid  cooling,  the 
appearance  of  martensite  needles  is  accompanied  by  the  return  of 
the  magnetic  properties. 

Connection  between  the  Mierostructure  and  the  Properties  of  the 
Metal. — It  is  impossible  in  the  present  instance  to  enter  into  a  full 
description  of  the  properties  of  special  steels,  and  in  the  case  of 
nickel  steels    a  typical  example  will  be  chosen  to  illustrate  the 
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relation  between  the  properties  and  the  microstructure  (structural 
diagram). 
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Fig.  347. — 0-I2  per  cent.  C  steel.  Variations  in  the  properties  with  varying  nickel 
content:  tensile  tests  (Guillet),  impact  and  hardness  tests  (Guillet),  shearing 
tests  (Portevin),  electrical  resistance  (Portevin),  thermo-electric  power  (Dupuy 
and  Portevin).     Impact  Tests  :  i  Km.  =  7-233  ft. -lbs. 
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If  a  series  of  steels,  of  increasing  nickel  content  and  approxi- 
mately constant  carbon  content,  are  examined,  a  rapid  change  in 
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Fig.  348. — 0*25  per  cent.  C  steel.  Variations  in  the  properties  with  varying  carbon 
content:  tensile  tests  (Guillet),  impact  and  hardness  tests  (Guillet),  shearing 
tests  (Portevin),  electrical  resistance  (Portevin),  thermo-electric  power  (Dupuy 
and  Portevin).     Impact  Tests  :  i  Km.  =  7*233  ft.-lbs. 
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(C  =  0-12  ;  Ni  =  2-0.) 

Fig.  3.31.— Pearlite  aud  ferrite. 

Etchant :  Picric  acid. 

(  X  300.) 


(C  =  0-12  ;  Ni  =  15-0.) 

Fig.  332.— Martensite. 

Etchant :  Picric  acid. 

(X  300.) 


(C=012;  Ni=  30.) 

Fig.  333. — Austenite  and  a  little  martensite. 

Etchant :  Picric  acid. 

(X  300.) 


(C  =0-8;  Ni  -  7.) 

Fig,  334. — ^lartensite-austenite. 

Etchant :  Picric  acid. 

( X  300.) 


PI.  LXII. 


NICKEL   STEELS  {cont.). 


(C  =  0-80;  Ni  =  25.) 

Fig.  335. — Pure  austenite  showing  twinning. 

Etchant :  Picric  acid. 

(X  300.) 


(G  =  0-52;  Ni==92-3,) 

Fig.  336. — Pure  austenite. 

Etchant :  Picric  acid. 

(X  300.) 


Effect  of  heat  treatment. 


(0  =  0-12;  Ni=25.) 
Quenched  from  800°  C. 

Fig.  337. — Apparent  austenite  crystals  converted 

to  martensite. 

Etchant  :  Picric  acid. 

(X  300.) 


(C  =  0-25,-  IS[i  =  25.) 
Quenched  from  800°  C. 

Fig.  338. — Austenite-marteusite. 

Etchant :  Picric  acid. 

(X  300.) 


PI.  LXIII. 


NICKEL   STEELS  {co,it.). 


Effect  of  heat  treatment  (cont.). 


jT^j^^*^     / 


{0  =  0-25;  Ni  =  25-0.) 
Annealed  at  900°  C.  for  4  hours. 

Fig.  339. — Needles  of  martensite. 
Etchant :  Picric  acid. 
(X  300.) 


(C  =  0-80 ;  Ni  =  0-20.) 
Annealed  at  900°  C.  for  4  hours. 

Fig.  340. — Austeuite-martensite. 

Etchant :  Picric  acid. 

(X  300.) 


Effect  of  cold-work. 


(C  =  0-80;  Ni=_12.) 

Cold  worked." 

Fig.  341. — Acicular  martensite. 


(0  =  0-80;  Ni  =  15.) 

Oold  worked. 

Fig.  342. — Crystal  of  austenite  showing  striatious. 

Etchant :  Picric  acid. 

(X  300) 


PI.  LXIV. 


NICKEL   STEELS  (cont.). 


Treatment  at  low  temperatures. 


(G  =  0-80  ;  Ni  =  15-0.) 
Cooled  to  —40°  C. 

Fig.  343. — Austenite  martensite. 

Etchant :  Picric  acid. 

(X  300.) 


(C=0-80;  Ni=  15-0.) 
Cooled  to  -20°  C. 

Fig.  344. — AusteBite-martensite. 

Etchant :  Picric  acid. 

(X  800. )■ 


(C  =  0-80;  Ni=  15-0.) 

Cooled  in  liquid  air. 

U notched. 

Fig.  845. — Martensite  shown  in  relief. 


(C  =  0-80 ;  Ni  =  20-0.) 
Cooled  to  -70°  C. 

Fig.  34G. — Austenite  and  black  needles  of 

martensite. 

Etchant  :  Picric  acid. 

(X30C.) 


MANGANESE   STEELS 
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the  properties  will  be  observed  on  passing  from  one  class  to  the 
other  (pearlitic — martensitic,  etc.).  Thus,  in  the  case  of  steels  con- 
taining approximately  o-i2  per  cent.  C  and  025  per  cent.  C,  it  is 
possible,  by  grouping  the  results  in  the  form  of  diagrams  (Figs.  347, 
348),  to  observe  important  changes  in  the  mechanical  properties  due 
to  the  appearance  of  martensite  and  austenite  ;  the  variation  of  the 
electrical  properties,  on  the  contrary,  is  due  to  the  presence  of  aus- 
tenite, which  causes  the  decided  change  in  the  slope  of  the  curves. 

Analogous  variations  are  similarly  revealed,  by  the  examination 
of  series  of  steels  of  other  carbon  contents,  but  such  changes  occur 
at  other  values  of  the  nickel  content  in  accordance  with  the  changes 
in  the  microstructure  indicated  by  the  diagram. 

As  a  general  rule,  the  chief  characteristics  of  the  martensitic 
nickel  steels  are  :  high  ultimate  stress,  high  elastic  limit,  low  per- 
centage elongation,  and  great  hardness.  With  steels  of  similar 
microstructure,  for  example  pure  martensitic  steels,  the  properties 
are  dependent  on  the  nickel  and  carbon  contents. 

The  coefficient  of  expansion  is  an  important  property  of  nickel 
steels.  The  coefficient  of  expansion  of  the  reversible  alloys  of  low 
carbon  content  (o'2  per  cent.  C)  shows  considerable  variation  as  the 
nickel  content  changes  from  28  to  45  per  cent.  Ni ;  the  expansion 
reaches  an  extremely  low  minimum  value  with  36  per  cent.  Ni, 
hence  the  employment  of  this  alloy  under  the  name  of  Invar  in  the 
manufacture  of  measuring  instruments,  clocks,  and  other  instruments 
of  precision. 

Manganese  Steels 

Transformation  Points. — Manganese  depresses  the  transformation 
points ;  there  is,  as  with  nickel,  a  simultaneous  depression  and 
merging  together  of  the  several  transformation  points.  With  a 
carbon  content  of  o'4  per  cent.  C,  and  a  manganese  content  above 
2  per  cent.  ]\In,  only  a  single  transformation,  Ar^.^-i,  will  be  observed 
(Osmond)  ;  further,  the  hysteresis  effect  is  considerably  increased, 
as  in  the  case  of  the  nickel  steels.  The  following  figures  may  be 
noted  in  this  connection  (Dumas)  : — 


c 

Mn 

Transformation  points. 

Heating. 

Cooling. 

- 

0-35 

0-07 

3-09 
8-29 

672° 
66o<' 

425° 
175° 

The  transformation  point  on  heating  being  but  little  depressed, 
it  will  be  possible  to  bring  about  the  transformation  by  tempering  ; 
thus,  by  heating  for  two  hours  at  550°  C,  a  steel  of  high  carbon 


N 
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content  and  containing  13  per  cent.  Mn  is  changed  from  the  non- 
magnetic to  the  magnetic  state  (Le  ChateUer). 

The  rapid  depression  of  the  transformation  point  with  increasing 
manganese  content  leads  to  the  conclusion  that  with  increasing 
manganese  content  martensitic  steels  will  first  be  obtained,  and 
finally  austenitic  steels  when  the  transformation  temperature  is 
below  the  atmospheric  temperature.  This  is  illustrated  by  the 
structural  diagram  constructed  by  one  of  the  authors  1  (Fig.  349).^ 

Microstructure. — The  manganese  steels  may  be  divided  into  three 
main  classes  in  a  similar  manner  to  the  nickel  steels : — 


Description  (class). 

Under  o*2  per  cent.  C. 

Under  o'8  per  cent.  C. 

Pearlitic  .  . 

Martensitic  or  troostitic 
Austenitic 

Mn  <  5 

5  <Mn  <  12 

12  <  Mn 

Mn  <  3 
3  <  Mn  <  7 

7  <Mn 

H 


The  diagram  (Fig.  349),  which  illustrates  the  microstructure  of 
normally  annealed  steels,  is  analogous  to  that  given  in  the  case  of 

nickel  steels  ;  two 
observations  may 
be  made  in  refer- 
ence to  these  steels: 

1.  The  change 
of  class  or  type,  for 
the  same  carbon 
content,  occurs  at 
a  much  lower  man- 
ganese content 
than  nickel  con- 
tent. 

2.  The  second 
class  or  type  is 
either  a  pure  mar- 
tensitic steel,  mar- 
tensite  mixed  with 
troostite  or  troos- 
tite  intermixed 
with      cementite ; 

sub-divisions    dependent    on    the 
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Fig.  349. 

this   class    therefore    has    three 
carbon  content.  2 

1  Guillet,  "  Les  Aciers  speciaux,"  Dunod  and  Pinat. 

'■*  Dejean  has  recently  carried  out  a  complete  investigation  of  the  transformation 
points  of  manganese  steels  ;  besides  confirmation  of  the  generally  accepted  fact  as 
to  the  discontinuity  in  the  depression  of  the  transformation  point,  this  research  has 
served  to  establish  a  structural  diagram  which  is,  in  the  mam  outline,  similar  to  that 
of  Fig.  349,  but  has  the  addition  of  a  line  limiting  the  area  of  the  existence  of  troostite 
(ref.  Revue  de  Met.,  Sept.,  191 7.  Refer  also  for  the  last  addition,  Portevin,  C.  R.,  165, 
62,   1917). 
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(C  =  0-12  ;  Mn  =  6.) 

Fig.  350.— Mar  ten  site. 

Etchant :  Picric  acid. 

(X  200.) 


(C  =  0-12 ;  Mn  =  14--5.) 

Fig.  351. — Austenite. 

Etchant :  Picric  acid. 

(X  200.) 


^^^^^m^ 


:l-9-' 


(C=;0-60;  Mn  =  .5-0.) 

Fig.  352.-Troostite,  dark. 

Etchant :  Picric  acid. 

(X  200.) 


(C  =  0-80;  Mn  =  10.) 

Fig.  3.53. — Austenite. 

Etchant:  Picric  acid. 

( X  200.) 
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CHROME   STEELS. 
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(C  =  0-20;  Cr=  0-7.) 

Fig.  355. — Pearlite  and  ferrite. 

Etchant :  Picric  acid. 

(X  200.) 


(0  =  0-20;  Cu  =  9-0.) 

Pig.  357. — Nearly  pure  martensite. 

Etchant :  Picric  acid. 

( X  200.) 


U'^-' 


(C  =  0-20  ;  Or  =  4-5.) 

Fig.  356. — Pearlite  and  ferrite. 

Etchant :  Picric  acid. 

(X  200.) 


(0=0-80;  Or=  7-3.) 

Pig.  358. — Troostite  dark. 

Etchant :  Picric  acid. 

( X  200.) 
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As  a  general  rule,  the  microscopic  study  of  manganese  steels  is 
more  difficult  than  the  study  of  nickel  steels.  The  presence  of  man- 
ganese affects  the  action  of  the  various  etching  reagents,  which  tend 
to  produce  rapid  and  unequal  coloration  and  oxidation  effects  ; 
moreover,  the  structures  obtained  are  not  as  clearly  defined  as  the 
nickel  steel  structures.  Figs.  350-353,  PI.  LXV.,  illustrate  the 
characteristic  structures  of  manganese  steel.  The  effects  of  heat 
treatment,  quenching  and  annealing,  and  cold  work  are  comparable 
with  the  effects  produced  in  the  case  of  nickel  steels  ;  it  may  be 
noted  that  the  troostitic  steels  give  on  quenching  either  pure  mar- 
tensite  or  martensite  mixed  with  a  little  austenite. 

Relation  between  the  Microstructure  and  the  Mechanical  Properties. 
— The  mechanical  properties  of  the  manganese  steels  are  analogous 
to  those  of  the  nickel  steels  and  are,  as  in  the  latter  case,  directly 
related  to  the  microstructure. 

It  may  be  mentioned  that  the  pearlitic  manganese  steels  are 
not  more  brittle  than  ordinary  steels,  at  least  when  of  low  carbon 
content ;  whereas  the  austenitic  manganese  steels  are  extremely 
difficult  to  work  owing  to  their  peculiar  toughness. 


H 


Chrome  Steels 

Transformation  Points. — According  to  Osmond,  the  magnetic 
transformation  point  remains  practically  constant ;  inversely,  the 
transformation  point  (cooling)  ^^ 

is  clearly  affected  by  the  tem- 
perature to  which  the  steel  is  '"* 
heated.  //, 

The  examination  of  these 
steels  containing  up  to  9"63 
per  cent.  Cr  has  enabled 
Nesselstrauss  to  obtain  the 
following  results  (with  a  mean 
cooling  rate  of  3 "65°  C.  per 
minute)  : — 

1.  Chromium  depresses  the 
A/'g  point  and  finally  causes 
its  disappearance ;  the  dis- 
appearance occurs  at  lower 
chromium  contents,  the  higher 
the  carbon  content  in  hypo- 
eutectoid  steels  (5  per  cent.  Cr  with  02  per  cent.  C  present). 

2.  Chromium  raises  the  Kyx  point,  the  thermal  effect  being  at 
a  maximum  with  5  per  cent.  Cr  present. 

3.  Chromium  decreases  the  speed  of  the  transformations. 


^ 


V 

\ 

\ 

V  \ 

w 

Double  c 

irbide  sle 

eh 

Martensiiic\ 
steels        \ 

^^ 

\ 

\ 

^N 

\ 

\           \ 

\ 

\ 

N                     \ 

Pearlitic  sleel& 
1 

^N             \ 

^ 

\^ 

ifi/.fS 


Fig.    354. 


i8o 


METALLOGRAPHY 


Microstructure. — Chrome  steels  are  to  a  certain  extent  an  inter- 
mediate type  between  the  nickel  or  manganese  steels  and  the 
tungsten  or  molybdenum  steels.  The  chrome  steels  include  pearlitic 
and  martensitic  steels  as  in  the  case  of  nickel  and  manganese  steels, 
and  also  double  carbide  steels  corresponding  to  the  tungsten  and 
molybdenum  steels.  The  following  table  gives  the  microstructures 
of  normal  chrome  steels  according  to  their  chemical  composition 
(Fig.  354). 


Description  (class). 

Carbon  content  under 
0'2  per  cent. 

Carbon  content  under 
o'8  per  cent. 

Pearlite  .  . 

Martensite.  troostite     .  . 

Martensite  and  special  constituent     .  . 

Special  constituent 

o  <  Cr  <  7 

7  <  Cr  <  15 

15  <  Cr  <  2o 

20  <  Cr 

o  <  Cr  <  3 
3  <  Cr  <  lo 
lo  <  Cr  <  i8 
i8  <Cr 

Figs.  355-358,  PI.  LXVL  ;  Figs.  359-362,  PI.  LXVIL  ;  Figs. 
363-364,  PI.  LXVIIL,  show  typical  microstructures  of  chrome  steels. 

The  special  constituent  mentioned  in  the  table  is  not  attacked 
even  by  the  most  active  reagents  and  appears  in  the  form  of  bright 
spots  or  grains  (Fig.  359,  PI.  LXVIL)  which  increase  in  number  as 
the  chromium  content  increases.  It  may  be  produced  by  the 
cementation  of  pearlitic  and  martensitic  chrome  steels  and  is  etched 
and  coloured  by  sodium  picrate  in  the  case  of  steels  of  low  chromium 
content.  It  consists  of  a  double  carbide  of  iron  and  chromium. 
Martensite  of  definite  carbon  content  etches  with  greater  difficulty 
the  higher  the  chromium  content.  Steels  with  o'2  per  cent.  C  and 
over  I4'5  per  cent.  Cr,  on  etching  with  picric  acid  show,  besides  the 
bright  areas  of  carbide,  polyhedra  in  the  interior  of  which  extremely 
fine  martensitic  structure  may  be  developed  by  further  etching  with 
hydrochloric  acid,  aqua  regia  diluted  with  gylcerine  or  potassium 
bisulphate.  A  similar  result  is  obtained  with  steels  containing 
o"8  per  cent.  C  and  above  9*0  per  cent,  chromium.  The  appearance 
of  martensite  on  increasing  the  chromium  content  at  first  appears 
contradictory  to  what  has  been  stated  in  regard  to  the  transformation 
points  which  are  raised  by  increasing  chromium  contents.  But  it 
must  not  be  overlooked  that  chromium  considerably  increases  the 
hysteresis  effect  in  such  a  manner  that,  at  normal  rates  of  cooling, 
it  is  possible  to  obtain  martensitic  steels  if  the  chromium  content 
is  sufficiently  high  ;  but  under  these  conditions  it  should  be  possible, 
by  slowing  the  rate  of  cooling,  to  raise  the  transformation  range 
sufficiently  to  cause  the  disappearance  of  the  martensitic  structure. 
Experiment  has  verified  this  assumption  and  thus  makes  it  possible 
to  convert  the  martensitic  chrome  steels  into  the  pearlitic  condition, 
as  iUustrated  by  Fig.  365,  PI.  LXVIIL  ;  Fig.  367,  PI.  LXIX.  ;  there 


ri.  Lxvii. 


CHROME   STEELS  (cunt.). 
Carbide  steels. 


(C  =  0-46;  Cr=  31-7.) 

Fig.  359. —  White  carbide. 

Etchant :  Picric  acid. 

( X  200.) 


(C  =  0-90;  Cr  =  18-6.) 

Fig.  360.— Annealed  at  1200"  C.  for  8  hours. 

Carbide  distributed  as  a  network  round  the  grains. 

Etchant :  Aqua  regia. 

(X  200.) 


(C==l-30;  Cr  =  40-2.) 

Fig.  361.— White  carbide. 

Etchant :  Picric  acid. 

( X  200.) 


(C  =  1-30;  Cr  =40-2.) 

Fig.  362. — The  same  steel  quenched  from 

1100=  C.  in  air. 

Diminution  of  carbide. 

Etchant :  Picric  acid. 

(X200.) 


PI.  LXVIII. 


CHROME   STEELS  (cont.). 


Fig.  363.— Cemented  chrome  steel,  14-5  %  Cr. 

Dark  network  of  troostite  in  a  background 

of  martensite. 

Etchant :  Aqua  regia. 

(X  200.) 


Fig.  364. — Cemented  chrome  steel,  14-5  %  Cr. 

Carbide,  white  ;  troostite,  dark. 

Etchant :  Aqua  regia. 

(X  200.) 


Effect  of  annealing  followed  by  very  slow  cooling  on  martensitic  steels. 
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Fig.  865. — Very  slowly  cooled 


Fig.  366. — Annealed  at  1000"  C.  and  cooled  in  4  ho: 


Chrome  steel,  0-12  %  C. ;  17-0  %  Cr. 

Etchant :  Aqua  regia  +  glycerine. 

( X  200.) 


PI.  LXIX. 

CHROME   STEELS  (cont.). 

Effect  on  martensitic  steels  of  annealing  followed  by  very  slow  cooling  {cont. 

Chrome  steel,  0-12  %  C;  17-0  %  Cr. 

Etchant :  Aqua  regia  +  glycerine. 

(X  1350.) 
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Fig.  367. — Very  slowly  cooled. 


Fig.  368. — Annealed  at  1000°  C.  and  cooled  in  4  hours. 
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SPECIAL   STEELS. 


Tungsten  steels. 


(0  =  0-27;  W  =  27-75.) 

Fig.  370. — White  carbide. 

Etchant :  Picric  acid. 

(X  200.) 


(C  =  0-87  ;  W  =  39-96.) 

Fig.  371. — White  crystals  of  carbide. 

Etchant :  Picric  acid, 

(X  200.) 


Molybdenum  steels. 


(G  =  0G9;  Mo=  1464.) 

Fig.  373.— White  carbide. 

Etchant:  Picric  acid. 

(X  450.) 


(0  =  0-29;  Mo=  4-50.) 

Fig.  374. — Quenched  in  air  from  1200°  0. 

Troostite,  dark. 

Etchant :  Picric  acid. 

(X  200.) 


TUNGSTEN   STEELS  i8i 

is  a  simultaneous  reduction  of  hardness  which,  for  a  steel  containing 
0T2  per  cent.  C  and  13  per  cent.  Cr,  is  reduced  to  half  its  original 
value.  Ordinary  industrial  annealing  of  a  steel  in  this  softened 
condition  restores  the  martensitic  structure  (Fig.  366,  PI.  LXVIIL, 
and  Fig.  368,  PI.  LXIX.)  and  the  equivalent  hardness  ;  this  treatment, 
therefore,  has  an  effect  similar  to  an  ordinary  quenching  even  though 
the  cooling  operation  may  occupy  several  hours. 

Relation  between  the  Microstructure  and  the  Mechanical  Properties. 
— The  pearlitic  steels  possess  properties  analogous  to  those  of 
(ordinary  pearlitic  steels  ;  the  ultimate  strength  increases  with  the 
chromium  content ;  they  are  considerably  less  resistant  to  impact 
than  ordinary  steels ;  their  hardness  increases  rapidly  as  the 
chromium  content  is  raised. 

The  martensitic  steels  give  very  high  ultimate  stress  and  elastic 
limit,  and  low  elongation  ;  they  are  brittle  and  easily  fractured, 
but  this  brittleness  is  not  found  in  any  marked  degree  in  the  low 
carbon  steels ;  they  are  exceptionally  hard  and  the  hardness  is  due 
more  to  the  chromium  than  the  carbon  content. 

Under  otherwise  constant  conditions  (Cr  content,  etc.)  the 
troostitic  chrome  steels  give  much  lower  ultimate  strength  than  the 
martensitic  steels. 

The  double  carbide  steels  possess  a  mean  ultimate  strength  and 
a  low  elastic  limit  ;  they  may  be  compared  with  austenitic  steels, 
but  they  give  a  large  percentage  reduction  of  area  and  a  medium 
elongation  ;  they  are  soft  and  very  brittle.  It  will  be  noted  that, 
with  these  steels,  there  is  no  connection  between  the  brittleness  and 
elongation. 

Tungsten  Steels 

Critical  Points. — The  positions  of  the  critical  points,  on  cooling, 
of  tungsten  steels  are  largely  dependent  on  the  conditions  of  heating 
and  cooling. 

Three  examples  are  given — 

1.  Tungsten  steel  0*42  per  cent.  C  +  6"25  per  cent.  W  (Osmond), 
After  heating  to  920°  C,  two  critical  points  are  found  at  690°  C. 

and  650°  C. 

After  heating  to  1015°  C,  the  first  point  remains  at  practically 
the  same  temperature  (670°),  the  second  is  depressed  to  625*^  C. 

After  heating  to  1210°  C,  the  first  point  is  practically  indis- 
tinguishable, the  second  remains,  greatly  accentuated  ana  depressed 
to  500°  C.  This  lower  critical  point  appears  to  correspond  with  the 
A;'i  point  of  carbon  steels. 

2.  Tungsten  steel  0-85  per  cent.  C+778  per  cent.  W  (Bohler). 
This  steel  shows  two  critical  points  (710°  and  550°)  ;  the  upper 
point  is  only  visible  when  the  metal  is  not  heated  above  1100°  C.  ; 
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the  lower  point  only  appears  when  the  heating  temperature  exceeds 
1000°  C.  Between  these  two  temperatures  (heating),  two  critical 
points  are  observed  on  cooling.  Therefore  the  gradual  increase  of 
the  heating  temperature  brings  about  an  alteration  of  the  critical 
points  on  coohng,  the  lower  critical  point  only  occurring  when  the 

temperature  during  heating  has 
exceeded  1000°  C. 

3.  Tungsten  steel  3  per  cent. 
W  +    varying    carbon    content 
(Swinden).      The   critical  point 
At  I  is  depressed  as  the  tempera- 
ture during  heating  is  increased, 
until  a  practically  constant  lower 
limit  is  reached  at  about  570°  C. 
for    any  carbon  content.      The 
temperature     to     which     it     is 
necessary  to  heat  the  metal  to 
bring  this  depression  to  its  maxi- 
mum limit,  is  higher  as  the  carbon  content  increases.      The  rate 
of  coohng  appears   to   be   of   far   less   importance   than  the  tem- 
perature to  which  the  metal  is  heated. 

Microstructure. — The  tungsten  steels  may  be  classified  as  pearlitic 
and  double  carbide  steels  ;  the  steels  are  classified  under  those 
headings  in  the  following  table,  and  in  the  diagram,  Fig.  369. 
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Description  (class). 

Carbon  content  under 
o'2  per  cent.  C. 

Carbon  content  under 
o"8  per  cent. 

Pearlitic 
Double  carbide 

W  <  10 
W>  10 

W<5 
W>5 

Thus,  the  formation  of  the  double  carbide  (Figs.  370.  371,  PI. 
LXX.)  occurs  at  a  constant  carbon  content  with  increasing  tungsten 
content,  and  also  at  a  constant  tungsten  content  by  increasing  the 
carbon  content.  It  may  therefore  be  produced  by  the  cementation 
of  a  pearlitic  tungsten  steel.  The  carbide  occurs  as  small  rounded 
globules  or  fine  filaments.  It  is  only  attacked  by  sodium  picrate 
when  the  tungsten  content  is  comparatively  low  in  value.  Quenching 
tends  to  cause  its  disappearance,  this  effect  being  proportional  to 
the  quenching  temperature. 

Molybdenum  Steels. 

TransJormation  Points  or  Critical  Points. — The  results  obtained  by 
Swinden  may  be  summarised  as  follows  :  So  long  as  the  initial  tem- 
perature on  cooling  does  not  exceed  a  certain  definite  temperature 
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termed  "  depression  temperature,"  Trt,  the  normal  critical  points 
(cooling)  will  be  found  and  their  position  is  independent  of  the 
temperature  or  the  time  of  heating.  According  to  the  amount  this 
depressed  temperature  Ta  is  exceeded  the  point  Ari  is  depressed, 
splits  up,  and  iinally  assumes  a  definite  lower  position  when  the  heat- 
ing temperature  reaches  a  definite  value,  which  may  be  termed  Tm. 
This  lower  position,  which  is  constant  for  any  given  steel,  is  a  function 
of  the  molybdenum  content,  and  is  unaffected  by  slow  cooling  or  by 
stopping  the  cooling  at  800°  C. 

The  temperatures  Ta  and  Tw  rise  slightly  as  the  proportion  of 
carbon  increases.  In  the  case  of  a  steel  in  which  the  normal  critical 
point  has  been  depressed,  it  is  possible  to  restore  the  steel  to  the 
normal  condition  by  repeated  heating  just  below  the  depression 
temperature.  The  same  result  is  not  so  readily  brought  about  by 
slow  heating  and  annealing.  On  heating,  the  normal  Ac^  point  is 
found  and  no  new  point  has  been  found  corresponding  to  the  "  de- 
pression "  temperature. 

Microstructure. — ^The  microstructure  of  the  normal  molybdenum 
steels  is  analogous  to  that  of  the 
tungsten  steels  :  they  consist  of 
pearlitic  and  double  carbide 
steels  (cementitic  steels)  (Fig. 
373.  PI.  LXX.,  p.  181).  The 
classification  is  shown  in  the 
following  table  and  by  the  dia- 
gram, Fig.  372. 

The  pearlite  in  these  steels 
has  an  extremely  fine  structure  ; 
the  carbide  has  a  vermiculated  appearance  (intertwined  filaments) 
and,  according  to  Swinden,  has  the  composition  FcsC.  According  to 
the  same  author,  the  pearlite  saturation  point,   above  which  free 
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Fig.  375. 


carbide  appears,  is  lowered  as  the  molybdenum  content  increases, 
as  shown  by  Fig.  375. 
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Relation  between  the  Microstructure  and  the  Mechanical  Properties. 

— Molybdenum  produces  similar  effects  to  tungsten  on  the  mechanical 
properties  of  a  steel,  but  it  requires  the  addition  of  four  times  as 
much  tungsten  to  produce  a  given  effect. 

Vanadium  Steels 

Transformation  Points  or  Critical  Points. — According  to  Piitz,  in 
steels  containing  less  than  i  per  cent,  vanadium. 

1.  A  small  percentage  of  vanadium,  o*2  per  cent.  V,  is  sufficient 
to  raise  the  Ar^  point  io°  C,  further  additions  of  vanadium  pro- 
ducing no  additional  increase. 

2.  The  point  Kr^.<i  is  raised  in  a  similar  manner,  but  in  this 
case  the  increase  is  proportional  to  the  vanadium  content. 

According  to  results  obtained  by  one  of  the  authors,  ^  with 
steels  containing  up  to  7  per  cent,  and  10  per  cent.  V,  the  following 
occurs  : — 

1.  With  steels  containing  o'2  per  cent.  C,  the  Ar^  is  at  first 
raised  proportionally  to  the  vanadium  content  and  then  disappears 
between  4  per  cent,  and  7  per  cent.  V  ;  Ar2  is  raised  in  a  similar 
manner  but  less  rapidly. 

2.  With  steels  containing  o'S  per  cent.  C,  the  A^i  remains 
approximately  constant  up  to  i  per  cent.  V,  above  this  value  it 
slowly  decreases  as  the  vanadium  content  increases. 

According  to  Arnold  and  Read,  in  steels  containing  10  per  cent. 
V,  the  A^i  point  lies  between  1200°  and  1400°  C. 

Microstructure. — The  vanadium  in  steels  containing  little  of  this 
element  remains  in  solid  solution  in  the  ferrite,  which  is  more  readily 

attacked     (coloured)      the 


Double 

Cirbidel 

Steels 


Pearldic  &  douhU  carbide  steels 


t'  Pearlilia  Steels 


greater  the  amount  of 
vanadium  present ;  but 
above  a  certain  definite 
content,  the  solid  solution 
being  saturated,  the  vana- 
dium replaces  the  iron  in 
the  carbide  and  appears 
in  the  pearlite  as  small 
white  particles  which  are 
visible  after  polishing  in 
bas-relief  (Figs,  -^-j"],  378, 
PI.  LXXL).  These  grains 
increase  in  number  as  the  vanadium  content  increases,  and  at  the 
same  time  the  pearlite  areas  decrease  and  finally  disappear. 

The  three  classes  of  vanadium  steels  therefore  consist  of :  pearlite, 
pearlite  and  carbide,  or  carbide,  and  it  should  be  observed  that  it  is 

^  Portevin,  Revue  de  Met.,  vol.  vi.  p.  1352,  1909. 
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Molybdenum  steels  (cont.). 


Vanadium  steels. 


(C  =  0-73;   Mo  =  0-50.) 

Fig.  376. — Quenched  in  air  from  1200°  C. 
Coarse  martensite. 
Etchant :  Picric  acid. 
(X200.) 


(C-^012;   Va^  10-27.) 

Fig.  377.— Annealed  at  1200°  C.  for  4  hours. 

Small  grains  of  carbide. 

Etchant :  Picric  acid. 

( X  200.) 


Vanadium  steels. 
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(C  =  0-74  ;  Ya  =  7-S5.) 

Fig.  378. — Carbide  appearing  as  small 

rounded  grains. 

Etchant :  Picric  acid. 

( X  200.) 


(C  =0-95;  Va=  2-89.) 

Fig.  379.— Annealed  at  1200°  C.  for  4  hours. 

Black  specks  of  graphite  in  the  white  ferrite. 

Etchant :  Picric  acid. 

( X  200.) 
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SPECIAL   STEELS  {cont.). 
Silicon  steels. 


(C  =0-21;  Si  =  0-41.) 

Pig.  381. — Ferrite  and  peaiiite. 

Etchant :  Picric  acid. 

( X  200.) 


(C  =  0-22  ;  Si  =  7-17.) 

Fig.  382. — Ferrite  and  a  little  graphite. 

Etchant:  Hydrochloric  acid. 

(X  200.) 


(C  =  0-28  ;  Si  =  5-25.) 

Fig.  383.— Crystals  of  PeSi. 

Etchant:  Hydrochloric  acid. 

( X  200.) 


(0  =  0-94;  Si  ==5-54.) 

Fig.  884. — Graphite,  ferrite,  pearlite. 

Etchant:  Picric  acid. 

(X  200.) 
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Silicon  steels  (cont.). 
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(C  =  0-28;  Si  =  5-12.) 

Fig.  385.— Annealed  2  hours  at  900°  C. 

Graphite,  black. 

Etchant :  Picric  acid. 

(X  200.) 


(C  =  0-94  ;  Si  =  5-.54.) 

Fig,  386.— Annealed  6  hours  at  900°  C. 

Graphite,  black. 

Etchant ;  Picric  acid. 

(X  200.) 


High  speed  tool  steels. 


Fig.  387.— High  speed  steel. 

Etchant :  Picric  acid. 

(X  200.) 


Fig.  388. — Same  as  Fig.  377. 

Quenched  in  air  from  1200°  C. 

Etchant :  Picric  acid. 

( X  200.) 
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High  speed  tool  steels  (cont.). 


Fig.  389.— High  speed  steel. 
Etchant :  Picric  acid. 
( X  200.) 


Fig.  390.— The  same  as  Fig.  389. 

Quenched  in  air  from  1200^  C. 

Etchant :  Picric  acid. 

(X  200.) 


Ferro-Alloys, 


Fig.  391.— Ferro-silicou,  27  % 
Needles  of  FoSi. 
Etchant :  Hydrochloric  acid. 
(X  200.) 


Si. 


Fig.  392. — Iron-phosphorus  alloy  :  Fe  =  88  % 

Crystals  of  FegP  surrounded  hy  eutectic. 

Etchant :  Dilute  nitric  acid. 

(X  200.) 
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not  possible  to  estimate  the  carbon  content  of  the  pearhtic  steels  by 
microscopical  examination.  Thus  the  carbide  and  pearlite  steels 
containing  o'Q-i'O  per  cent.  C  very  closely  resemble  those  contain- 
ing 0-6-07  per  cent.  C.  According  to  Arnold  and  '  Read,  when 
the  vanadium  content  reaches  6-o  per  cent,  the  carbide  only 
contains  vanadium.  One  of  the  authors  has  formed  a  similar  con- 
clusion from  the  study  of  the  electrical  resistance  of  these  alloys. 

The  table  and  the  diagram  (Fig.  380)  illustrate  the  microstructures 
of  the  vanadium  steels. 


T->=>«««(-:«„  ^„i-.^\  '  Carbon  content  under 

Descnption  (class).  ^.^  ^^^  ^.^^^  c. 


Pearlite      .  .  .  .  . .  Va  <C  o-j 

Pearlite  and  carbide        . .        0-7  <[  Va  <^  3 
Carbide      . .  . .  . .  3  <[  Va 


Carbon  content  under 
o'8  per  cent.  C. 


Va  <[  05 

05  <  Va  <  7 

7<Va 


The  diagram  shows  that  the  greater  the  carbon  content,  the 
greater  the  vanadium  content  required  to  cause  all  the  carbon  to 
exist  as  carbide.  The  vanadium  carbide  rises  in  the  ingots  during 
casting,  owing  to  its  low  specific  gravity  ;  thus  segregation  is  always 
present  in  the  carbide  steels. 

Graphite  (temper  carbon)  is  produced  by  annealing  (Fig.  379, 
PI.  LXXL). 

Relation  between  the  Mierostructure  and  the  Mechanical  Properties. 
— The  pearlitic  steels  have  proportionately  higher  ultimate  strength 
the  greater  the  vanadium  content.  The  ultimate  strengths  of  steels 
containing  pearlite  and  carbide  decrease  as  the  vanadium  contents 
increases ;  the  brittleness  of  these  steels  increases  in  a  similar 
manner.  The  carbide  steels  have  comparatively  low  ultimate 
strength,  low  elastic  limit,  and  are  very  brittle. 

Silicon  Steels 

Transformation  Points  or  Critical  Points. — According  to  Osmond, 
silicon  raises  the  A3  point  and  causes  its  disappearance  when  2  per 
cent.  Si  is  present  ;  the  A2  point  is  depressed  whilst  the  A^  tends  to 
rise  and  coincide  with  the  A2  point.  The  determinations  of  Charpy 
and  Cornu  have  confirmed  these  results  and  have  shown  that : — 

1.  The  A3  point  becomes  fainter,  whilst  slowly  rising,  as  the 
proportion  of  silicon  increases,  and  finally  disappears  when  the  silicon 
content  is  approximately  i"5  per  cent.  Si. 

2.  The  A2  point  is  steadily  depressed  as  the  silicon  content  in- 
creases but  remains  practically  constant  in  intensity.  In  the  low 
carbon  alloys  the  depression  is  approximately  10-12°  C.  for  i  per 
cent.  Si. 
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3.  The  Ai  point  is  raised  slightly  as  the  silicon  content  increases, 
and  at  the  same  time  it  becomes  fainter  owing. to  the  transformation 
of  the  carbon  into  graphite  due  to  the  presence  of  silicon,  and  fmally 
disappears  when  the  silicon  content  exceeds  5  per  cent.  Si  (approx.). 
Its  intensity  varies  not  only  with  the  amounts  of  carbon  and  silicon 
present,  but  also  according  to  the  time  and  method  of  heating  and 
cooling. 

4.  Owing  to  the  displacement  of  the  A2  and  Ai  points  which 
occurs  with  varying  silicon  content,  the  positions  of  these  two  points 
are  inverted  when  the  silicon  content  exceeds  3-2  per  cent.  Si  ;  above 
this  value  the  A^  point  is  at  a  higher  temperature  than  the  Ao  point. 

Microstructure. — Silicon  tends  to  produce  stable  equilibrium 
conditions  even  in  alloys  of  low  carbon  content ;  graphite  appears  in 
these  steels  as  soon  as  the  silicon  content  is  sufhcient  for  any  definite 
rate  of  cooling. 

The  normal  steels  containing  less  than  5  per  cent.  Si  are  pearlitic 
(Fig.  381,  PI.  LXXIL)  ;  steels  containing  5-7  per  cent.  Si  consist  of 
pearlite  and  graphite  ;  above  7  per  cent.  Si,  pearlite  no  longer  exists 
and  only  graphite  is  present.  The  microstructure  is  therefore  inde- 
pendent of  the  carbon  content.  Definite  compounds  appear  when 
sufficient  silicon  is  present  (Fig.  383,  PI.  LXXILK 

The  presence  of  silicon  tends  to  increase  the  grain  size.  An 
interesting  characteristic  of  the  hardest  silicon  steels  is  the  fact 
that  polishing  scratches  which  are  not  apparent  before  etching,  are 
clearly  visible  after  etching.  Also,  etching  usually  produces  silica, 
which  forms  a  film  on  the  specimen  and  appears  after  drying  as 
thin  lines  of  polyhedral  outline.  These  specimens  must  be  washed 
with  great  care  in  water,  alcohol,  and  in  some  cases,  when  necessary 
hydrofluoric  acid. 

Annealing  produces  a  characteristic  effect  on  the  pearlitic  steels 
(Figs.  382,  384,  PI.  LXXIL  ;  Figs.  385.  386,  PI.  LXXIII.)  causing 
the  liberation  of  graphite  (temper  carbon)  even  in  steels  of  low 
carbon  content ;  thus  a  steel  containing  0*28  per  cent.  C  and  512  per 
cent.  Si,  after  24  hours  annealing  at  950°  C,  contains  no  trace  of 
pearlite,  the  carbon  appearing  as  specks  of  graphite. 

The  length  of  time  that  annealing  must  be  continued  to  bring 
about  the  complete  liberation  of  all  the  carbon  into  the  graphitic 
form  is  lessened  as — 

1.  The  silicon  content  increases  ; 

2.  The  temperature  is  greater. 

It  should  be  noted  that  steels  containing  no  pearlite  and  all 
graphite  cannot  be  cemented  (case  hardened),  since  they  do  not 
absorb  carbon. 

Relation  between  the  Microstructure  and  the  Mechanical  Properties. 
— Silicon  steels  cannot  be  forged  when  the  silicon  content  exceeds 
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7  per  cent,  in  the  case  of  low  carbon  steels  and  5  per  cent.  Si  in  steels 
containing  09  per  cent.  C. 

Only  steels  free  from  graphite  are  used  in  practice.  The  ultimate 
strength  is  greater  the  higher  the  silicon  content,  and  shows  a  decided 
increase  above  that  of  the  ordinary  carbon  steels,  but  the  brittleness 
increases  in  proportion  to  the  silicon  content. 

Summary 

Aluminium,  boron,  cobalt,  tin,  and  titanium  steels  will  not  be 
considered  in  the  present  instance,  as  they  are  not  in  commercial 
use  in  France,  except,  perhaps,  in  certain  special  instances.  In 
an  introductory  work  of  this  nature  it  has  not  been  found  possible 
to  give  a  complete  outline  of  the  even  more  complex  quaternary 
steels  ;  but  a  brief  description  of  the  nickel-chrome  and  chrome- 
tungsten  steels  (pp.  192-197)  has  been  included,  as  these  steels  are  of 
considerable  industrial  importance. 

If  the  microstructures  of  commercially  annealed  ternary  alloy 
steels  are  examined,  the  following  constituents  will  be  found  : 
pearlite,  ferrite,  cementite,  graphite,  austenite,  martensite,  troostite, 
special  carbides,  and  mixtures  of  two  or  more  of  these  constituents 
will  be  observed. 

The  mixture  of  pearlite  and  ferrite  is  found  in  all  kinds  of  special 
steels.  This  structure  indicates  that  the  total  amount  of  the 
elements  present,  other  than  iron  and  carbon,  cannot  be  very 
great  ;  but  does  not  necessarily  indicate  the  presence  of  any  special 
element. 

Inversely,  the  existence  after  annealing  of  one  of  the  following 
constituents  :  austenite,  martensite,  troostite,  graphite,  or  the 
presence  of  a  double  carbide  indicates  a  special  steel.  In  certain 
instances  it  is  possible  by  examination  of  the  microstructure  to 
identify  the  special  element  present,  or  at  least  to  limit  the  number 
of  possible  elements  present.     Thus — 

Graphite  indicates  silicon  as  the  special  element. 

Carbides  indicate  the  presence  in  comparatively  large  quantities, 
of  one  or  more  of  the  following  elements  :  chromium,  tungsten, 
molybdenum,  vanadium. 

Martensite  indicates  the  presence  of  one  or  more  of  the  following : 
nickel,  manganese,  chromium. 

Austenite  indicates  a  high  content  of  nickel  or  manganese. 

The  simultaneous  existence  of  martensite  and  carbide  indicates 
a  special  steel,  at  least  quaternary,  containing :  nickel  (Xi-Cr, 
Ni-\V,  Ni-Mo,  Ni-V  steels),  manganese  (Mn-Cr,  Mn-W,  Mn-Mo. 
Mn-V  steels),  or  chromium  (Cr-W,  Cr-Mo,  Cr-V  steels). 

The  simultaneous  appearance  of  austenite  and  carbide  indicates 
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a  steel  containing  a  high  content  of  nickel  or  manganese  together 
with  chromium,  tungsten,  molybdenum,  or  vanadium. 

The  simultaneous  occurrence  of  graphite  and  austenite  is  found 
m  Ni-Si  and  Mn-Si  steels  of  high  nickel  or  manganese  content 
containing  a  considerable  quantity  of  silicon. 

Special  Cast  Irons  and  Ferro-AUoys 

The  special  cast  irons  are  actually  very  little  used  in  commerce, 
therefore  the  effect  on  the  microstructure  of  a  cast  iron  produced  by 
the  additions  of  special  element  will  only  be  briefly  considered. 

As  regards  ferro-alloys,  these  are  all  at  least  ternary  alloys  con- 
sisting of  iron,  carbon  and  one  or  more  of  the  following  elements  : 
manganese,  silicon,  chromium,  tungsten,  molybdenum,  vanadium, 
etc.  Since  the  constitution  of  the  various  binary  alloys  such  as  Fe-Cr, 
Fe-Mo,  Fe-W  is  only  known  as  regards  their  general  outline,  and 
also  since  these  alloys  frequently  contain  carbon  and  other  elements 
in  considerable  proportions,  it  is  obvious  how  premature  it  is  to 
consider  the  microstructure  of  such  alloys.  It  must  not  be  over- 
looked that  the  examination  of  the  chemical  constitution  must  in 
every  case  precede  the  examination  of  the  structure  of  an  alloy 
or  series  of  alloys.  Without  such  preliminary  examination  the 
structural  examination  can  merely  consist  of  a  collection  of  more 
or  less  decorative  pictures  or  images  accompanied  by  vague  descrip- 
tions, which  take  no  account  of  the  varying  conditions  of  manufacture 
and  treatment  or  the  presence  of  impurities  which  might  modify  or 
even  completely  change  the  form  or  appearance  described  as 
characteristic. 

The  only  reliable  information  available  relates  to  the  existence  of 
the  definite  compounds  FcsSi  and  FeSi  in  the  ferro-silicon  series 
(Fig.  391,  PI.  LXXIV.,  p.  185),  and,  in  the  other  alloys,  the  presence  of 
carbides  (Figs.  393-396,  PL  LXXV.,  p.  204)  under  the  headings  of  the 
respective  alloy  steels.  The  carbides  often  appear  in  bas-relief  after 
pohshing,  and  are  very  difficult  to  attack  with  etching  reagents,  even 
aqua  regia  ;  their  distribution  sometimes  suggests  that  they  may 
form  part  of  a  eutectic  (Figs.  395-396,  PI.  LXXV.). 

Many  of  the  ferro-alloj^s  are  brittle,  friable,  porous,  and  very 
difficult  to  polish.  It  may  be  mentioned  in  this  connection,  that 
with  complex  alloys  of  this  nature  microscopical  examination  cannot 
give  the  slightest  information  with  regard  to  the  chemical  composi- 
tion. Moreover,  since  such  alloys  are  merely  used  as  additions  in 
the  manufacture  of  other  material,  their  mechanical  properties  are 
of  no  importance.  Heat  treatment  is  non-existent,  and  microscopical 
examination,  from  the  practical  point  of  view,  adds  no  information 
to  the  results  obtained  from  a  complete  chemical  analysis.     On  the 
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other  hand,  it  cannot  be  doubted  that  metallography  will  be  found 
of  great  utility  in  the  manufacture  of  ferro-alloys,  more  particularly 
to  explain  the  different  working  quaUties  of  these  various  alloys. 
Example  :  the  marked  advantages  of  ferro-chromes  of  low  carbon 
content. 

Effects  produced  by  Special  Elements  on  the  Microstructure  of 
Cast  Irons. — From  amongst  the  various  modifications  to  the  Fe-C 
equilibrium  diagram  caused  by  the  introduction  of  definite  amounts 
of  special  elements  to  ordinary  cast  irons,  three  typical  examples 
will  be  chosen  as  most  clearly  affecting  the  microstructure. 

I.  Effect  on  the  Equilibrium  Stability. — Certain  elements  such  as 
silicon  assist  the  formation  of  stable  equilibrium  conditions,  by 
which  is  meant  the  formation  of  graphite.  Others,  such  as  man- 
ganese, tend  to  the  establishment  of  metastable  equilibrium  with 
the  consequent  formation  of  cementite.  With  ordinary  cast  irons, 
the  conditions  of  cooling  and  annealing  each  produce  their  distinct 
effects,  and  it  is  possible,  according  to  Wiist,  by  sufficiently  slow 
cooling,  to  nullify  the  effect  due  to  the  manganese  and  thereby  to 
obtain  a  grey  cast  iron.  The  separation  of  graphite  depends  mainly 
on  the  length  of  time  the  metal  is  retained  at  the  eutectoid  point. 

The  effects  produced  by  silicon  during  annealing  have  been 
studied  by  numerous  investigators  ;  amongst  others,  Charpy  and 
Grenet  have  shown  that : 

(a)  The  separation  of  graphite  commences  at  a  temperature 
which  is  lower  the  greater  the  silicon  content,  and  that,  once  com- 
menced, the  separation  continues  at  temperatures  even  lower  than 
the  commencing  temperature. 

(b)  At  any  constant  temperature  the  rate  of  separation  of  the 
graphite  increases  with  this  temperature  and  also  with  the  silicon 
content. 

(c)  Also,  and  this  is  very  important,  the  final  condition 
depends  only  on  the  amount  of  carbon  remaining  in  solution.  The 
silicon  merely  serves  to  lessen  the  time  required  to  attain  this 
equilibrium. 

The  silicon  therefore  acts  as  a  catalyser,  increasing  the  rate  of 
decomposition  of  the  carbide  of  iron  during  annealing  and  inducing 
and  assisting  the  formation  of  stable  equilibrium  conditions.  This 
effect  occurs  even  with  alloys  of  low  carbon  content,  as  already 
illustrated  in  the  case  of  silicon  steels.  According  to  Wiist,  the 
separation  of  graphite  is  assisted  by  both  tin  and  phosphorus,  but 
the  effect  of  the  latter  element  is  not  appreciable  below  2"5-3'o  per 
cent.  P.  Nickel  produces  a  similar  effect.  Inversely,  chromium 
acts  in  a  similar  manner  to  manganese  and  prevents  the  separation 
of  graphite  :  1-5  per  cent.  Cr,  even  when  2  per  cent.  Si  is  present,  is 
sufficient  to  entirely  prevent  the  separation  of  graphite  (Goerens 
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and  Stadeler).     Sulphur  opposes  the  separation  of  graphite  in  a 
similar  manner  ( Wiist) . 

As  stated  by  Benedicks  and  one  of  the  authors,  i  the  elements 
which  form  stable  carbides  hinder  the  separation  of  graphite ; 
inversely,  those  which  form  solid  solutions  tend  to  assist  the  separa- 
tion of  graphite.  But  it  is  possible  to  explain  the  different  effects 
of  the  elements  in  a  very  simple  manner,  as  suggested  by  Osmond 
and  one  of  the  authors.  2  The  lines  Ea  and  SE'  of  the  combined 
equilibrium  diagrams  (Fig.  218,  p.  130),  indicating  respectively  the 
separation  of  graphite  and  cementite  being  adjacent  for  iron-carbon 
alloys  containing  no  other  elements,  it  is  probable  that  the  presence 


Fig.  397 


of  silicon  tends  to  separate  the  lines,  whilst'manganese  tends  to  bring 
them  closer  together,  and,  at  a  certain  manganese  content,  causes  the 
line  SE'  to  pass  above  the  line  Ea.  It  is  then  the  ferrite-cementite 
system  which  is  stable  and  the  ferrite-graphite  system  which  is 
labile  or  metastable. 

This  interpretation  may  be  presented  graphically  in  the  following 
manner  (Fig.  397)  :  if  the  equilibrium  of  a  system  consisting  of  iron, 
carbon,   and  a  third    element  R  is  considered,   the  separation  of 

1  Guillet,  "  Les  Pontes  au  nickel  et  Ics  Fontes  au  manganese  "  {Revue  de  Met., 
vol.  V.  p.  306,  1908).  ^^ 

2  Portevin,  "  Etat  actuel  des  theories  de  I'equilibre  du  systeme  fer-carbone  ' 
(Revue  de  Met.,  vol.  iv.  p.  1003,  1907). 
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graphite  or  cementite  from  the  sohd  solution  Fe-C-R  will  be 
shown,  as  a  function  of  the  temperature,  as  two  surfaces  (G)  and  (S) 
of  which  the  intersections  with  the  plane  toC  correspond  exactly 
with  the  curves  oE  and  E'S  of  the  diagram  (Fig.  397).  These 
surfaces  may  either  cut  each  other  as  in  b  (Fig.  397),  or  may  separate 
further  and  further  apart  as  in  a  (Fig.  397).  In  the  first  case,  above 
a  certain  content  of  the  element  R,  it  is  the  cementite  which  becomes 
the  stable  form,  and  graphite  is  then  the  labile  condition ;  whereas 
in  the  second  case  the  graphite  remains  the  stable  form  as  the  con- 
tent of  the  special  element  R  increases.  It  may  happen  even  in 
the  first  case,  according  to  the  slope  of  the  curve  eg  in  relation  to 
the  plan  toC  (the  curve  eg  marking  the  intersection  of  the  surfaces 
(G)  and  (C)  ),  that  there  may  be  certain  contents  of  R  at  which 
graphite  will  be  the  stable  form  at  high  temperatures  and  cementite 
the  stable  form  at  low  temperatures  (in  such  a  case,  for  that  content 
of  R,  the  diagram  will  be  identical  to  the  equilibrium  diagram 
originally  plotted  by  Roozeboom),  and  the  inverse  may  also 
occur. 

2.  Displacement  of  the  Eutectic  Point  in  the  Case  of  the  Labile 
System  (Cementite). — This  displacement  involves  a  consequent 
alteration  of  the  eutectic  temperature  and  eutectic  composition. 
Actually,  the  degrees  of  freedom  being  increased  by  unity,  the 
eutectic  temperature  is  replaced  by  a  eutectic  interval  and,  what 
is  more  important,  the  eutectic  solidification  may  be  completed, 
if  the  content  of  the  special  element  is  sufficiently  high,  by  the 
formation  of  a  ternary  eutectic. 

Several  examples  may  be  quoted  : 

[a]  Manganese  displaces  the  eutectic  content  (16  per  cent.  Mn 
lowers  the  eutectic  carbon  content  o"i5  per  cent.  C  according  to 
Wiist)  ;  it  also  lowers  the  temperature  of  solidification,  but  the  results 
available  do  not  agree  (Wiist,  Coe). 

{h)  Chromium  displaces  the  eutectic  composition  in  a  similar 
manner  ;  an  alloy  containing  5  per  cent.  Cr  and  47  per  cent.  C  may 
be  regarded  as  the  eutectic  (Goerens  and  Stadeler). 

(c)  Sulphur  lowers  the  eutectic  temperature  and  tends  to  the  for- 
mation of  a  ternary  eutectic  cementite — sulphide  of  iron — pearlite 
(Donald  M.  Levy). 

id)  Phosphorus  lowers  the  eutectic  solidification  point  and  forms 
a  ternary  eutectic  FcsC— FcsP — solid  solution  (Wiist),  of  which  the 
solidification  point  is  953°  C.  and  the  composition  :  P=  6-89  per  cent., 
0—1-96  per  cent.  (Goerens  and  Dobbelstein). 

3.  Effect  on  the  Critical  Point  (Eutectoid  Point  of  Formation  of 
Pearlite  A3, 2,1). — -This  effect  has  been  considered  in  the  case  of 
the  special  steels  and,  as  regards  the  microstructure,  it  has  been 
shown  that   the  addition  of   elements  such  as  Ni   and  Mn,  other 
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conditions  being  constant,  bring  about  the  change  from  pearhte 
to  martensite  and  then  to  austenite.  Figs.  309,  310,  PI.  LVIL 
(p.  152),  are  typical  examples. 

Nickel-Chrome  Steels 

Critical  Points  or  Transformation  Points. — It  has  been  shown 
that,  within  certain  limits,  the  addition  of  nickel  depresses  the 
transformation  point  on  heating,  which  is,  as  a  general  rule,  adjacent 
to  the  reversible  transformation  equilibrium  temperature,  and  also 
increases  the  interval  between  the  transformation  temperatures  on 
heating  and  cooling.  Thus  it  operates  simultaneously  by  depressing 
the  equilibrium  transformation  temperature  and  increasing  the 
hysteresis  effect,  which  is  sometimes  termed  the  interference  effect. 
Again,  it  has  been  shown  that  the  presence  of  chromium  produces 
but  little  effect  on  the  transformation  points  (heating) ,  but  produces 
a  considerable  hysteresis  effect.  The  combined  simultaneous  effect 
produced  by  the  addition  of  both  these  elements,  nickel  and 
chromium,  will  therefore  consist  of  a  considerable  depression  of  the 
transformation  point  on  cooling,  even  when  only  small  amounts 
of  these  elements  are  present.  Thus  there  will  be  but  slight  differ- 
ences in  chemical  composition  between  the  steels  in  which  the 
transformation  on  cooling  occurs  at  600°  C.  and  those  in  which  it 
occurs  at  300°  C.  :   i  per  cent.  Ni  and  i  per  cent.  Cr  (Grenet). 

Inversely,  the  position  of  the  transformation  point  on  heating 
will  be  almost  entirely  dependent  on  the  nickel  content. 

The  nickel-chrome  steels  may  therefore  be  classified  into  three 
main  categories  1  :  those  in  which  the  transformation  point  on 
cooling  is  not  far  removed  (100-125°  C-)  from  the  transformation 
point  on  heating  (pearlitic  steels)  ;  those  in  which  the  interval  in- 
creases proportionally  to  the  chromium  content  (martensitic  steels)  ; 
and  finally  a  third  category,  all  the  alloys  of  which  have  approximately 
the  same  interval  and  in  which  the  effect  produced  by  chromium  is 
but  little  evident  (carbide  steels).  Thus,  if  chromium  is  added  to 
a  nickel  steel,  there  will  be  a  depression  of  the  transformation  point 
on  cooling,  and,  under  certain  conditions,  this  depression  may  be 
very  sudden ;  it  is  only  necessary  to  add  1 7  per  cent.  Cr  to  a 
4  per  cent,  nickel  steel  to  depress  the  transformation  temperature 
from  600°  to  200°  C,  after  which  further  additions  operate  very 
slowly  (Grenet).  It  should  be  noted  that  the  addition  of  chromium 
is  also  able  to  bring  about  the  splitting  up  of  the  transformation 
point  on  cooling.  It  is  evident  that  the  rate  of  cooling  is  also  a 
factor  under  these  conditions  ;  thus  steels  containing  sufficient 
carbon  and  sufficient  chromium  (above  i'5  per  cent.  Cr)  may  show 
a  transformation  either  at  600°  C.  if  the  rate  of  cooling  is  very  slow, 

1  Guillet,  C.  R.,  158,  412.  1914. 
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Fig.  398. — Cooling  curves  (dififerential  method),  showing  the  influence  of  the 
heating  temperature. 


Fig.  399. — Dilatation  curves  on  cooling,  showing 
the  influence  of  the  heating  temperature. 
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or  at  200°  C.  if  the  cooling  is  more  rapid  ;  but  this  transformation 
cannot  occur  within  the  temperature  range  between  200°  and 
600°  C.  (Grenet).  But  the  maximum  heating  temperature  produces 
an  even  greater  effect  than  the  rate  of  cooUng,  as  already  shown  in 
several  preceding  instances.  The  curves,  Figs.  398,  399  (Chevenard), 
clearly  show  this  effect  in  the  case  of  a  steel  containing  approximately 
2  "5  per  cent.  Ni  and  i'5  per  cent.  Cr ;  as  with  the  tungsten  and 
molybdenum  steels,  above  a  certain  temperature  value  or  "  depression 
temperature,"  the  transformation  point  on  cooling,  which  was  at 
first  slightly  depressed,  lessens  in  intensity  and  a  further  anomaly 
in  the  curves  appears  between  400°  and  300°  C.  ;  two  critical 
points  appear,  and  if  the  temperature  is  still  further  raised,  the 
upper  point  decreases  and  disappears  whilst  the  lower  point  in- 
creases in  size.  ^ 

Microstructure. — It  has  been  shown  that  on  the  addition  of  in- 
creasing amounts  of  nickel  to  carbon  steels,  such  steels  pass  from  the 
pearlitic  to  the  martensitic  and  finally  to  the  austenitic  condition  ; 
and  that  by  similar  additions  of  chromium,  carbon  steels  change 
from  the  pearlitic  to  the  martensitic  condition,  and  finally  appear 
as  double  carbide  steels.  The  microstructure  of  nickel-chrome 
steels  will  therefore  be  martensitic  and  austenitic,  owing  to  the 
considerable  depression  of  the  transformation  point,  on  cooling, 
previously  mentioned.  The  double  carbide  constituent  will  also 
appear  when  the  chromium  and  carbon  contents  are  sufficient  to 
cause  its  formation  ;   consequently  : 

(a)  The  addition  of  chromium  to  a  pearlitic  nickel  steel  will 
convert  the  steel  to  the  martensitic  condition  ;  if  the  amount  added 
is  very  small,  only  a  diminution  of  the  ferrite  grain  will  be  observed. 

(b)  The  addition  of  chromium  to  a  martensitic  nickel  steel  is 
able  to  bring  about  the  formation  of  double  carbide  and  also  to 
transform  the  martensite  partially  or  entirely  into  austenite. 

(c)  The  addition  of  chromium  to  an  austenitic  nickel  steel 
induces  the  formation  of  carbide  in  the  austenite  when  the  chromium 
content  is  sufficient. 

Finally,  the  following  structure  may  be  observed  in  the  normal 
steels : — 

1.  Pearlite  intermixed  with  ferrite  or  carbide. 

2.  Martensite. 

3.  Martensite  with  carbide. 

4.  Austenite. 

5.  Austenite  and  carbide. 

The  term  "martensite  "  in  this  classification  describes  either  the 
pure   constituent   or   this   constituent   accompanied   by   ferrite   or 

^  Ref.  Portevin  :  "  Sur  les  points  de  transformation  des  aciers  nickel-chrome," 
Revue  de  Met.,  Sept.,  191 7. 
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austenite.  Quenching  modifies  the  microstructure  in  a  similar 
manner  to  that  indicated  in  the  case  of  nickel  and  chrome  steels  ; 
it  will  be  recalled  that  these  steels  exhibit  a  marked  hysteresis  effect, 
even  at  extremely  slow  rates  of  cooling,  and  that  softening  can 
only  be  achieved  by  tempering  in  the  transformation  area,  but 
below  the  transformation  temperature  on  heating. 

Again,  the  structures  of  nickel-chrome  steels  of  the  same 
chemical  composition  and  treatment  may  differ.  The  structure 
is  then  dependent  on  other  factors,  such  as  the  thermal  history  when 
in  the  liquid  state.  ^ 

Relation  between  the  Microstructure  and  the  Mechanical  Pro- 
perties.— ^The  general  statements  mentioned  in  the  case  of  nickel 
steels  apply  also  in  this  instance  ;  the  present  description  will  there- 
fore be  confined  to  structures  not  yet  considered. 

(a)  Nickel-chrome  steels  containing  martensite  and  carbide  have 
practically  the  same  properties  as  martensitic  steels ;  but  their 
ultimate  strength  and  elastic  limit  decrease  in  proportion  to  the 
amount  of  carbon  present. 

{b)  The  nickel-chrome  steels  containing  austenite  and  carbide 
have  practically  the  same  properties  as  the  austenitic  steels  ;  but 
their  elongation  is  less  and  their  brittleness  greater  as  the  carbon 
content  increases. 

High-Speed  Tool  Steels 

The  term  "  high-speed  steel  "  is  usually  applied  to  chrome  and 
tungsten  steels  containing,  as  a  general  rule,  from  o'2  per  cent,  to 
I  per  cent.  C,  from  7-18  per  cent,  or  even  23  per  cent.  W,  and  from 
i*5-3"o  per  cent,  and  sometimes  8  per  cent.  Cr.  These  steels,  in 
some  instances,  also  contain  i  per  cent,  to  2  per  cent.  Mo  and  small 
quantities  of  vanadium. 

The  composition  mentioned  by  Taylor  is  as  follows  : 
C=o-8        W=i7-8i         Cr=5-g5        V=o-32 

That  given  by  Le  Chatelier  : 

C=:o-5         W=i2        Cr=3        Mo=i 

An  intermediate  type  may  be  given  as  : 

C=o-5         W=i8        Cr=5        V=o-2 

Critical  Points. — The  transformation  points  are  dependent  on 
the  temperatures  to  which  the  metal  is  heated  in  the  case  of  the  high- 
speed chrome-tungsten  steels.  This  is  shown  in  an  extreme  form 
by  the  expansion  curves.  Fig.  400,2  in  which  a  high-speed  steel  has 
been  successively  heated   to  860°,  925°,  and  1025°  C.     It  may  be 

1  Bres,  Revue  de  Met.,  vol.  x.  p.  797,  1914  ;  Portevin,  Rev.  de  Met.,  vol.  x. 
p.  808,  1914. 

"^  The  curves,  shown  diagrammatically,  are  those  established  by  de  Nolly. 
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mentioned  that,  as  with  steels  containing  tungsten,  molybdenum, 
etc.,  there  is  an  alteration  of  the  transformation  point  above  a  certain 
temperature  ;  the  point  at  about  6oo°-7oo°  C.  then  disappears  and 
another  point  appears  at  3oo°-40o°  C.  Other  factors  also  tend  to  pro- 
duce this  effect,  but  in  a  less  appreciable  manner,  such  as  an  increase 
in  the  rate  of  cooling,  or  longer  time  of  heating  (Bohler).  Similarly, 
increasing  the  chromium  or  tungsten  content  assists  this  phenomenon. 
In  any  case,  there  exists  a  range  of  temperature  between  600° 
and  400°  C.  in  which  no  critical  point  appears  and  in  which  the 
transformation  is  at  least  very  slow  and  practically  does  not  occur. 


Two  important  conclusions  are  to  be  drawn  from  the  examination 
of  the  effects  produced  by  increasing  heating  temperature  : 

1.  Above  a  certain  heating  temperature  that  may  be  termed 
"  depression  temperature,"  the  transformation  point  on  cooHng, 
without  any  increase  in  the  rate  of  coohng,  will  be  found  to  corre- 
spond approximately  with  the  atmospheric  temperature  :  the  steel 
is  "  self-hardening." 

2.  Within  a  temperature  range  extending  from  atmospheric 
temperature  up  to  600°,  or  a  dull  red  heat,  the  transformation 
speed  is  so  slow  that  tempering  produces  no  effect ;  these  steels  may 
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therefore  be  used  up  to  these  temperatures  without  losing  the 
properties  they  have  acquired  by  quenching. 

The  commercial  possibilities  and  uses  of  such  steels  are  at  once 
apparent. 

Microstructure. — Chromium,  tungsten,  and  molybdenum  lower 
the  eutectoid  carbon  content ;  the  high-speed  steels  are  therefore, 
in  most  cases,  carbide  steels.  When  the  heating  temperature 
exceeds  the  AC3.2.1  point,  these  carbides  commence  to  pass  into 
solid  solution.  Solution  occurs  slowly,  but  the  speed  increases  with 
rise  of  temperature,  the  amount  of  the  carbide  dissolved  being 
dependent  on  the  temperature  to  which  the  steel  is  heated  and  the 
length  of  time  heated.  On  cooling,  the  reverse  conditions  occur. 
The  separation  of  the  carbide  does  not  readily  take  place,  the 
position  of  the  transformation  points  depending  (neglecting  the 
secondary  effect  due  to  the  rate  of  cooling)  on  the  concentrations 
of  carbon  and  special  elements  in  the  solid  solution,  and  therefore 
on  the  amount  of  carbon  that  has  entered  into  solution  during  heat- 
ing. But  the  solution  of  the  carbide  during  heating  occurs  slowly 
and  with  great  difficulty.  Therefore,  unless  the  steel  is  heated  to 
extremely  high  temperatures,  where  the  rate  of  diffusion  is  high,  the 
solid  solution  with  or  without  residual  carbide  will  remain  hetero- 
geneous, the  areas  of  high  carbon  concentration  surrounding  the 
residual  carbide  areas  or  replacing  the  areas  previously  occupied 
by  carbide.  During  cooling,  the  areas  of  higher  concentration 
behave  differently  to  those  of  lower  concentration,  hence  the  frequent 
sphtting  up  of  the  transformation  point  on  cooling.  1 

By  progressively  increasing  the  heating  temperature,  Osmond 
has  obtained  the  following  series  of  results  from  the  same  specimen  : 

1.  Sorbite  and  carbide  (one  recalescence). 

2.  Troostite  and  carbide  (one  recalescence). 

3.  Troostite  and  martensite  (two  recalescences) . 

4.  Martensite  and  a  mixture  of  martensite  and  austenite  (only 
one  recalescence  recorded). 

As  a  general  rule,  only  one  recalescence  is  found  if  the  heating 
temperature  does  not  exceed  a  temperature  Ti,  but  slightly  above 
the  Acg.g-i  point,  since  the  diffusion  of  free  carbide  is  then  practically 
negligible  ;  it  splits  up  on  heating  between  Tj  and  T  >  T2,  and  again 
shows  a  single  recalescence  above  T2  when  the  distribution  of  the 
carbide  has  become  homogeneous.  Finally,  the  structure  of  high- 
speed steels  will  usually  consist  of  carbide,  the  quantity  of  which 
is  dependent  on  the  composition  and  treatment,  in  a  ground  mass  of 
sorbite,  troostite  or  martensite.  Quenching  causes  the  disappear- 
ance of  the  cementite  and  the  formation  of  martensite  with  or 
without  troostite  or  austenite. 

^  Osmond,  Revue  de  Met.,  vol.  i.  p.  351,  1904, 


CHAPTER   V 

INDUSTRIAL  APPLICATIONS  OF  METALLOGRAPHY 

TO  METALS  AND  ALLOYS  OTHER  THAN  IRON 

AND  STEEL 

THE  INDUSTRIAL  METALS 

Before  dealing  with  the  appHcation  of  metallography  to  the 
manufacture  and  utilisation  of  various  alloys,  it  appears  essential 
to  devote  several  pages  to  the  various  industrial  metals,  their 
physical  and  mechanical  properties,  and  more  common  impurities. 

Microstructure  of  the  Common  Industrial  Metals. — It  has  been 
shown  (Chap.  II.,  pp.  67-72)  that  during  solidification  the  pure 
metals  crystallise  in  the  form  of  dendrites,  which  separate  from  the 
liquid  and  form,  by  mutual  limitation,  the  grains  of  solidification 
or  crystal  grains. 

The  size  of  these  grains  depends,  with  any  given  metal,  on  the 
conditions  of  cooling.  The  peripheral  zones  of  metals  and  alloys 
cast  in  ingot  moulds  (chills)  are  particularly  likely  to  exhibit  a 
columnar  structure.  Thermal  and  mechanical  treatment  and 
changes  that  occur  on  passing  through  the  transformation  points 
modify  the  crystalline  structure  in  the  manner  previously  described. 
But  the  pure  metals  and  more  generally  the  homogeneous  solid 
solutions  always  possess  a  structure  corresponding  to  a  conglomerate 
of  individual  crystals  or  grains,  the  size  of  which  is  a  direct  result 
of  all  the  operations  to  which  the  material  has  been  subjected. 

Only  in  rare  instances  is  an  industrial  metal  free  from  all  impurity. 
It  is  therefore  of  primary  importance  to  ascertain  the  effects  pro- 
duced by  these  impurities  on  the  microstructure,  and  more  particu- 
larly on  the  physical  and  mechanical  properties  of  the  metal. 

Effect  of  Impurities  on  the  Microstructure. — An  impurity,  in 
a  metal,  may  behave  in  one  of  three  ways  : 

1.  Enter  into  solution  in  the  metal,  modifying  the  crystal  grains 
to  a  greater  or  less  extent.  _. 

2.  Solidify  and  still  maintain  its  chemical  entity. 

3.  Form  a  special  constituent. 

The  examination  of  the  effect  an  impurity  produces  on  the 
structure  of  a  metal  is  equivalent  to  studying  the  equilibrium 
diagram  of  the  metal  and  this  impurity  in  the  region  of  the  pure 

198 


THE   INDUSTRIAL   METALS  199 

metal.  1  But  it  is  necessary  to  add  that  usually  several  impurities 
are  present,  and  their  combined  effect  may  considerably  modify 
the  result  that  might  be  expected  from  the  examination  of  the 
effects  produced  by  the  single  impurities.  Thus  it  may  happen 
that  the  addition  of  a  substance  to  an  alloy  induces  the  solution 
of  a  third  substance,  or  that  two  impurities  separately  soluble  in 
the  first  metal  in  the  solid  state  may  form  a  definite  compound 
when  both  are  present.  Very  little  reliable  information  has  been 
obtained  with  regard  to  these  effects. 

Consider  the  case  of  a  single  impurity.  If  the  impurity  enters 
into  solution  in  the  metal,  the  diagram  will  show  an  inclined  branch 
of  the  solidus,  commencing  from  the  melting-point  of  the  pure 
metal.  If  the  impurity  solidifies  and  still  retains  its  chemical 
isolation  or  forms  a  separate  constituent,  the  solidus,  adjacent 
to  the  pure  metal,  will  consist  of  a  horizontal  touching  the  vertical 
at  the  melting  point  of  the  pure  metal.  Only  by  the  thorough 
examination  of  the  diagram  will  it  be  possible  to  decide  whether 
solidification  occurs  in  the  form  of  the  isolated  impurity  or  as  a 
separate  constituent — compound  or  solid  solution. 

Impurities  of  Commercial  Copper.— The  following  table  (p.  200) 
gives  a  series  of  typical  analysis  of  commercial  copper  obtained 
from  HoUard's  "Traite  d'analyses."  It  will  be  seen  that  the  chief 
impurities  are :  silver,  gold,  arsenic,  antimony,  nickel,  cobalt, 
iron,  lead,  bismuth,  and  very  rarely  tin.     Amongst  these  impurities  : 

I.  Silver,  gold,  nickel,  cobalt,  tin,  and  iron  are  soluble  within 
the  limits  found  in  commercial  copper. 

The  diagram  references  are  : 

Silver-copper  (Fig.  511,  p.  254). 

Gold-copper  (Fig.  512,  p.  255). 

Nickel-copper  (Fig.  488,  p.  241). 

Tin-copper  (Fig.  437,  p.  228). 

Cobalt-copper  (Fig,  401,  p.  201V 

Copper  and  cobalt  form  a  solid  solution  containing  up  to  3  per 
cent.  Co.  This  point  has  been  found  by  conductivity  and  thermo- 
electric methods. 

There  is  a  very  close  resemblance  between  the  copper-cobalt 
and  the  copper-iron  alloys  ;  at  the  copper  end  of  the  copper-iron 
series  there  exists  a  solid  solution  containing  3  per  cent.  iron. 

Lead  separates  from  copper  even  in  the  liquid  state  (see 
diagram,  Fig.  494,  p.  246).  The  diagrams  are  also  given  for  the 
other  impurities :  arsenic,  bismuth,  and  manganese  (Figs.  405, 
403.  404). 

Copper  and  arsenic  form  solid  solutions  in  which  the  arsenic 

^  In  this  connection  the  importance  of  the  examination  of  the  electrical  pro- 
perties in  relation  to  the  diagram  may  be  noted. 
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content  may  be  as  much  as  3  per  cent.  As.  The  17  constituent, 
which  is  the  definite  compound  CU3AS  (28-3  per  cent.  As),  then 
appears.  Bengough  and  Hill  2  have  shown  that  prolonged  anneal- 
ing brings  about  the  formation  of  this  constituent  even  when  the 
arsenic  content  is  less  than  3  per  cent  As. 

The  constitutional  diagram  of  the  antimony-copper  alloys  has 
been  investigated  by  Henry  Le  Chatelier,  Baykoff,  Parravano,  and 
Viviani.       The  latest  diagram,  that  constructed  by  Carpenter  (1913) . 
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Fig.  401. — Copper-cobalt  diagram  (Sahmen). 

shows  the  antimony-copper  solid  solution  to  contain  up  to  4  per 
cent.  Sb. 

The  copper-bismuth  alloys,  investigated  by  one  of  the  authors,  ^ 
show  no  miscibihty  in  the  soUd  state.  Bismuth  remains  isolated 
within  the  copper,  and  only  very  small  quantities  (o"02  per  cent.) 
are  required  to  entirely  destroy  the  hot  working  properties  of  the 
metal. 

Copper  oxidises  during  melting,  and  it  is  frequently  neces- 
sary to  deoxidise  the  metal  just  before  casting.      This  operation 


1  Inst,  of  Metals,  June,  1910,  iii.  34. 

*  Portevin,  Rev-  de  Met.,  vol.  iv.  p.  1077,  1907. 
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is  performed  by  adding  one  of  the  following  :  phosphorus  in  the 
form  of  phosphor-copper,  silicon  and  manganese  generally  in  the 
form  of  alloys,  magnesium  or  cadmium  in  the  metallic  state. 

The  sections  of  these  diagrams  required  in  the  examination 
of  the  impurities  of  commercial  copper  are  given  (Figs.  403-408). 

It  will  be  noted  that  manganese  enters  into  solid  solution  with 
copper,  the  two  metals  being  entirely  miscible  in  the  solid  state  ; 
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Fig.  402. — Iron-copper  diagram  (Sahmen). 

silicon  forms  a  solid  solution  with  copper,  the  maximum  concen- 
tration of  which  is  4'5  per  cent.  Si. 

Phosphorus  forms  a  solid  solution  with  copper,  the  maximum 
content  of  phosphorus  in  this  solution  not  exceeding  02  per  cent.  ; 
above  this  phosphorus  content,  the  compound  CU3P  forms  a 
eutectic  with  copper.  The  eutectic  point  corresponds  to  a  phos- 
phorus content  of  8-i6  per  cent,  at  a  temperature  of  707°  C. 
The  compound  CU3P  contains  14-1  per  cent,  phosphorus. 
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Magnesium  does  not  form  a  solid  solution,  but  separates  as  a 
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Fig.  403. — Copper-bismuth  diagram  (Portevin). 
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compound   Cu2Mg,    which    forms   a   eutectic   with   copper.     This 
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explains  the  restricted  use  of  magnesium  as  a  deoxidiser,  the  effect 
produced   by    this    impurity    on    the 
mechanical  properties  of  copper  being 
considered  later.  ^ 

Cadmium  is  insoluble  in  copper  in 
the  solid  state. 

Lastly,  an  impurity  to  which  it  is    """ 
impossible  to  devote  too  much  atten- 
tion,   oxygen,    which    combines  with 
copper   to  form  an  oxide  of  copper, 


feoe 

JOfl 


Cu 

p-^ 

\                 \ 

N.            L, 

<^iiicf 

^                  0..1 

«'*j»tf'            \. 

^ 

J.   \ 

y^Ms 

oc^    Cu'Ai 

OL 

As. 


Sen 

■ito  

Fig.  405  — Copper-arsenic  diagram  (Bengough 


ito 


/oa 


and  Hill). 


3.J,         fJ/    .XcX_ 


Fig.  407. — Section  of  copper- 
silicon  diagram  (Doernickel). 
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CU2O,   that    is    soluble    in    molten    copper  and  insoluble  in   solid 

^  Reference  may  also  be  made  to  Huser's  experiments,  Metal/,  und  Erz.,  vol.  x. 
P-  479.  1913  ;  Revue  de  Met.,  vol.  xi.  cont.,  p.  105,  1914. 
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FERRO-ALLOYS  (cont.). 


Ferro-chromes. 


(C  =  5;  Cr  =  G5.) 

Fiii.  393. — Crystals  of  carbide  +  eutectic. 
( X  50.) 


Fig.  394.— The  same  as  Fig.  393. 
( X  200.) 


Etchant :  Aqua  regia. 


^^y^Jfi'- 


(C  =  1-85  ;  Cr  =  67.) 

Fig.  395. — Ferro-chrome. 

Etchaut :  Aqua  regia. 

{ X  50.) 


(C  =  1-36;  Cr=40  2.) 

Fig.  396.— Annealed  at  1300°  C.  for  4  hours. 

Carbide  eutectic. 

Etchant :  Aqua  regia. 

(  X  200.) 


PI.  LXXV.  {cont). 
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Pig.  409. — Coj)per  and  eutectic  of  Cu — Cu,0. 
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Fk;.  411. — Cupper  and  oxide  of  copper 
without  eutectic. 


riG.'412. — Copper,  oxide  of  copper  and  eutect 
Cu— Cu.,0  ! 
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copper.  This  oxide  of  copper  may  be  seen  under  the  micro- 
scope before  etching,  and  possesses  a  characteristic  sky-blue  colour. 
According  to  results  obtained  by  Heyn  and  Bauer,  it  forms  a  eutectic 
having  an  oxygen  content  of  3-5  per  cent.  Og.  Dejean  gives  the 
eutectic  temperature  as  20-25°  C.  below  the  melting  point  of  pure 
copper.  The  phenomenon  of  surfusion  may  occur  as  shown  by 
Giraud  {Revue  de  Met.,  vol.  ii.  pp.  297,  1905).  Characteristic 
structures  of  copper  oxide  are  illustrated  in  PI.  LXXV.  coni.    Micro- 
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1000 
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Sao 


Soo 


7  /o  it  J  a  *o        ii       ill    Jft     it  jc  /to   jli$^ 

Fig.  408. — Copper-magnesium  diagram  (Sahmen). 


scopical  examination  enables  the  presence  of  copper  oxide  in  pure 
copper  to  be  immediately  detected. 

Impurities  of  Commercial  Tin. — The  table  on  p.  208  gives  a 
series  of  typical  analyses  of  commercial  tin  (Hollard  and  Bertiaux). 

It  will  be  observed  that  the  principal  impurities  are  :  antimony, 
lead,  arsenic,  copper,  and  bismuth.  Antimony  forms  a  solid  solution 
with  tin  containing  a  maximum  of  approximately  8  per  cent.  Sb 
(see  diagram,  Fig.  495,  p.  247). 

Lead  forms  solid  solutions  with  tin  up  to  a  maximum  of  7  per 
cent.  Pb  (see  diagram.  Fig.  493,  p.  245). 
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Copper  does  not  form  solid  solutions. 

Bismuth  produces  similar  results  to  antimony  (Fig.  497,  p.  249 ) , 


Commercial  Tin. 


Description. 

Cu 

As 

Sb 

Ni+Co 

Fe 

Zn 

Pb 

Bi 

German  tin  .  . 

0-480 

0-079 

0-545 





. 

0-000 

0-060 

Swiss  tin 

— 

0-022 

I-I74 

— 

— 

— ■ 

0-498 

0-580 

Tonkin  tin    .  . 

o-ooo 

0-034 

o-iio 

0-028 

0-040 

— ■ 

0-076 

— 

Chinese  tin   .  . 

0-040 

O-I18 

0-044 

— 

0-037 

— ■ 

0-833 

— 

Detroit  tin    .  . 

0030 

0-033 

0-000 

0-0x4 

0-008 

0000 

0-081 

i 


The  principal  brands  of  tin  used  in  commerce  are  as  follows  (in  order  of  output) : 
I.  Banca.    2.  Billiton.    3.  EngUsh.    4.  Chinese  tin  and  99  per  cent.  tin.    5.  98  per 
cent.  tin.    6.  97  per  cent.  tin.    7.  90  per  cent,  tin,  and  Bolivian  tin. 

Impurities  of  Commercial  Zinc. — The  table,  p.  206,  gives  typical 
analyses  of  various  brands  of  commercial  zinc. 
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o        /o        if       io       ^       To        («        Ta        to       je      loo 
Fig.  413. — Zinc-cadmium  diagram  (Hindrichs). 
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Lead,  iron,  and  cadmium  constitute  the  chief  impurities. 

Lead  and  zinc  are  completely  non-miscible  in  the  solid  state  but 
are  partially  miscible  in  the  molten  condition. 

Iron  forms  a  series  of  solid  solutions  with  zinc,  but  the  maximum 
content  of  iron  is  very  low  and  has  not  been  accurately  determined. 
It  is  a  function  of  the  rate  of  cooKng  and  even  under  the  most 
favourable  conditions  does  not  exceed  07  per  cent.  Fe.  Above  this 
value  there  is  a  second  solid  solution  containing  the  compound 
FeZu;. 

Cadmium  separates  from  zinc  in  the  free  state  forming  a  eutectic 
as  shown  in  the  diagram  (Fig.  413). 
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Impurities  of  Commercial  Lead. — ^The  table,  p.  207,  gives  typical 
analyses  of  various  brands  of  commercial  lead  and  shows  that  the 
principal  impurities  are  :   arsenic,  bismuth,  iron,  antimony,  and  silver. 

Bismuth  separates  as  a  solid  solution  (see  diagram,  Fig.  496, 
p.  248). 

Antimony  separates  in  the  free  state  (see  diagram,  Fig.  492, 
p.  244). 

Silver  and  lead  have  a  similar  type  of  diagram,  and  this  fact 
has  been  of  considerable  importance  in  the  metallurgy  of  lead, 
since  it  has  formed  the  basis  of  the  Pattinson  process  for  the  desilver- 
isation  of  lead.  This  process  is  now  little  used  except  for  treating 
argentiferous  lead  containing  bismuth. 

Thus  silver  separates  from  lead  in  the  free  state. 

Lead  and  iron  are  not  miscible  in  the  molten  or  solid  state. 

Impurities  of  Commercial  Nickel. — ^The  following  table  gives 
typical  analyses  (Hollard)  of  various  brands  of  commercial  nickel. 


j3f  JO  y^  3^  s/.>' 

Fig.  414. — Section  of  nickel-carbon  diagram. 


-^ 


^rjr 


The  principal  impurities  are  :  cobalt,  copper,  iron,  and  graphite. 
The  first  three  impurities  are  completely  soluble  in  the  sohd 
state. 

Graphite,  which  is  soluble  in  nickel  in  the  molten  state,  separates 
from  the  alloys  rich  in  nickel  during  solidification  ;  this  is  not 
apparent  from  the  diagram  (Fig.  414),  which  is  incomplete. 

Nickel  is  frequently  refined  before  rolling  by  the  addition  of 
magnesium  or  manganese. 

Nickel  does  not  form  a  solid  solution  with  magnesium.  It  forms 
a  compound  NioMg  which  separates  as  a  eutectic  (Ni-NioMg). 
The  magnetic  transformation  point  of  nickel  is  therefore  not  affected 
by  the  addition  of  magnesium  (Fig.  415). 

Nickel  and  manganese  form  a  complete  series  of  solid  solutions 
as  shown  by  the  diagram  (Fig.  416).  The  alloys  of  mean  concentra- 
tion show  a  transformation  in  the  solid  state  (Dourdine). 

Impurities  of  Commercial  Aluminium. — The  table  p.  212,  gives 
several  typical  analyses  of  commercial  aluminium. 
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Fig.  415. — Nickel-magnesium  diagram  (Voss). 
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Fjg.  416.— Nickel-manganese  diagram  (Zemczuzny,  Urasoff  and  Rykowskoff). 
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Silicon,  copper,  and  iron  are  the  principal  impurities  and  also 
carbon  which  is  insoluble  in  aluminium. 

Copper  forms  a  solid  solution  (see  diagrarn  Fig.  467,  p.  237). 
Iron  does  not  form  any  solid  solution  with  aluminium,  as  shown 
by  the  diagram  (Fig.  417).     There  is  a  eutectic  closely  approximating 
to   pure   aluminium    composed  of  aluminium   and   the   compound 

FeAl3.  It  may  therefore  be  con- 
sidered that  iron  separates  in  the 
form  of  FeAls. 

The  aluminium-silicon  diagram 
shows  the  existence  of  a  eutectic  with 
a  silicon  content  of  10  per  cent.  Si  and 
a  eutectic  temperature  of  580°  C.     If 


Fig.  417. — -Section  of  aluminium- 
iron  diagram  (Gwyer). 


r»      Jt      «      fi      *••     f      /•»     y     'f/'i' 


Fig.  418. — ^Aluminium-silicon  diagram 
(Fraenkel). 


solid  solutions  exist,  their  maximum  solubilities  must  be  extremely 
low  ;  o'5  per  cent.  Si  at  the  one  extreme  and  2'o  per  cent.  Al  at 
the  other.  1 

Physical  and  Mechanical  Properties  of  the  Metals  of  Commerce. — 
These  figures  will  be  found  tabulated  on  p.  215. 

Effect  of  Impurities  on  the  Mechanical  Properties. — Although 
but  little  systematic  research  has  been  undertaken  in  connection 
with  this  question  2  it  is  possible  to  outline  the  following  general 
principles  : 

I.  The  impurities  forming  solid  solutions  affect  the  crystal  grain 
size  :  if  the  grain  size  increases  it  is  accompanied  by  an  increase  in 
brittleness  (phosphorus  in  iron  and  steel)  ;  if  it  decreases,  there  is 
an  increase  in  strength  and  elasticity  of  the  material  (nickel  and 
chromium  in  steels). 

^  A  research  on  the  combined  effects  on  the  mechanical  properties  of  adding 
different  metals  to  aluminium  has  been  carried  out  by  Schirmeister  {Rev.  de  Met., 
vol.  xii.  cont.,  p.  464,  1915). 

*  See  previous  footnote. 
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2.  The  impurities  which  separate  as  individual  metals  or 
as  separate  constituents  obey  the  general  laws  previously  described 
(see  Chap.  IIL,  p.  io6).  But  as  a  general  rule  there  will  be  a 
decrease  in  the  percentage  elongation. 

If  the  constituent  is  brittle  (example  :  a  compound),  the  metal 
will  exhibit  this  property  to  a  greater  or  less  degree  and  difficulties 
wiU  be  experienced  in  rolling  (bismuth  in  copper,  graphite  in  nickel) . 

If  the  constituent  is  malleable,  there  wiU  be  a  decrease  in  the 
percentage  elongation  but  no  difficulty  in  rolling  the  metal  (lead  in 
copper). 

Effect  of  Impurities  on  the  other  Physical  Properties. — Reference 
should  be  made  to  the  remarks  on  p.  58  in  connection  with  the 
constitution  of  alloys. 

The  importance  of  the  examination  of  the  electric  conductivity 
and  the  thermo-electric  power  in  determining  the  existence  and 
limits  of  solid  solutions  approaching  the  compositions  of  pure  metals 
may  again  be  mentioned. 

Uses  of  the  Common  Metals  of  Commerce. — ^The  principal  uses  of 
the  more  common  metals  wiU  be  briefly  mentioned  before  considering 
the  relation  between  the  equilibrium  diagrams  of  the  various  alloys 
and  their  respective  uses. 

Copper. — Used  for  a  variety  of  purposes  because  of  its  high 
electrical  conductivity,  its  colour,  relative  strength  at  high  tempera- 
ture, and  its  great  ductility  and  malleability  at  ordinary  temperature. 
Used  in  the  form  of  wire  (electrical  conductors,  etc.),  plate  or  sheet 
which  may  be  easily  beaten  to  shape  (locomotive  fire-box  ends, 
culinary  utensils,  etc.),  rods  (loco,  fire-box  stays),  various  tubes. 

Tin. — Its  principal  use  is  due  to  its  relative  chemical  inactivity 
combined  with  its  great  ductility.  It  is  used  as  a  coating  on  other 
metals  (tinned-copper,  tin-plate,  and  in  the  form  of  very  thin  sheet- 
foil  (tin-foil  for  wrapping  foods,  etc.,  for  which  use  it  will  soon  have 
to  compete  with  aluminium) . 

Zinc. — Largely  used  because  of  its  low  price  and  slight  oxidation 
in  air  ;  in  the  form  of  zinc  sheet,  tubes,  and  for  galvanising. 

Lead. — Owing  to  its  malleability  it  is  mostly  used  in  the  form  of 
pipe  and  sheet ;  used  as  a  lining  to  certain  vessels  including  chemical 
plant  owing  to  its  being  little  attacked  by  certain  reagents,  notably 
sulphuric  acid  (lining  for  sulphuric  acid  chambers,  pickling  vats,  etc.). 

Nickel. — Very  little  used  in  the  form  of  metal  owing  to  its  high 
cost ;  its  chief  uses  are  dependent  on  its  chemical  inactivity  with 
many  reagents  combined  with  its  relative  hardness  and  toughness. 
Used  for  the  manufacture  of  culinary  utensils,  coinage,  and  for 
nickel-plating. 

Aluminium. — The  use  of  this  metal  has  been  continuallj^  increasing 
since  it  has  been  possible  to  obtain  it  in  the  pure  state  (99*5  per  cent. 
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Al)  (the  presence  of  impurities  render  it  much  more  readily  attacked), 
and  since  its  cost  has  been  considerably  reduced. 

The  principal  uses  are  : 

Aluminium  castings  of  practically  pure  metal  for  automobile 
parts,  etc.,  and  in  the  near  future,  as  cooking  utensils  to  replace 
those  at  present  manufactured  by  stamping,  pressing,  etc.,  as  the 
metal  in  the  cast  condition  is  not  so  readily  attacked. 

Rolled,  drawn,  stamped  metal  as  sheet,  tubes,  domestic  articles,  etc. 

As  a  deoxidising  agent  (manufacture  of  steel,  copper  alloys,  etc.). 

As  a  means  of  obtaining  high  temperatures  and  in  the  preparation 
or  manufacture  of  certain  metals  and  ferro-alloys  (Cr,  Mn,  W,  etc.) 
by  means  of  the  thermit  or  Goldschmidt  reaction. 

As  an  electrical  conductor,  for  which  purpose  aluminium  may, 
under  certain  conditions,  offer  certain  advantages  as  compared  with 
copper. 

For  the  manufacture  of  thin  sheet  or  aluminium  foil  which  may 
be  used  instead  of  tin-foil. 

In  the  form  of  powder  for  the  manufacture  of  metallic  paints. 

Other  metals. — Antimony  is  only  used  in  the  form  of  alloys. 

This  also  applies  to  gold  and  silver. 

The  metal  iron  has  not  been  considered  in  this  chapter,  but  it 
has  been  included  in  the  table  of  physical  constants  of  the  pure 
metals.  Iron  is  very  little  used  in  the  pure  state  and  as  yet  electro- 
lytic iron  is  very  difficult  to  obtain  in  any  quantity.  ^ 

The  effects  of  various  impurities  in  iron  have  been  already 
considered  (Chap.  IV.,  p.  127,  cont.). 

COMMERCIAL   COPPER  ALLOYS 

The  commercial  copper  alloys  are  : 

Ordinary  brasses  (alloys  of  copper  and  zinc). 

Special  brasses. 

Ordinary  bronzes  (copper-tin  alloys). 

Special  bronzes. 

Ordinary  aluminium  bronzes  (copper-aluminium  alloys). 

Special  aluminium  bronzes. 

Cupro-nickels. 

Nickel-silvers  (copper-nickel-zinc  alloys). 

1.  Ordinary  Brasses  (Copper-Zinc  Alloys) 
The  only  copper-zinc  alloys  of  commercial  importance  are  those 
in  which  the  copper  content  exceeds  55  per  cent.  Cu.     Below  this 
content  the  alloys  are  too  brittle. 

^  In  the  near  future,  it  will  be  possible  to  obtain  iron  tubes  containing  less  than 
005  per  cent,  total  impurity ;  these  tubes  are  manufactured  by  electrolytic  deposition, 
and  are  of  interest  because  of  their  mechanical  properties  and  extreme  thinness. 
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The  diagram  will  be  considered  from  40  per  cent.  Cii  (Fig.  419).^ 

Diagram. — Liqiiidus. — The  liquidus  is  always  below  the  melting 
point  of  pure  copper.  It  consists  of  two  branches  :  the  curves 
AB  and  BC.  A  solid  solution,  a,  is  deposited  along  AB,  and 
another  solid  solution,  ^,  along  BC. 

Solidiis. — The  solidus  consists  of  two  smaU  horizontal  sections 
62^1  and  c^C  meeting  the  transition  points  B  and  C,  and  the  two 
curved  sections  Ah.^  and  h^Ci. 

Below  Ah.2  there  is  the  pure  a  solid  solution,  and  immediately 
below  h^Ci  the  pure  /3  solid  solution. 

The  horizontal  B61&2  corresponds  to  the  reaction 

a  +  liquid  J  ^ 

The  horizontal  c^C  corresponds  to  the  formation  of  a  third  solid 
solution  :   y  solid  solution. 

Transformation  Lines. — It  will  be  observed  that  the  diagram 
given  (Fig.  419),  which  is  in  accordance  with  the  latest  research  of 
Carpenter  and  Edwards, 
does  not  indicate  tempe- 
ratures below  300°  C. 
This  is  due  to  the  fact 
that  the  transformations 
below  a  certain  tempera- 
ture are  so  slow  that  they 
no  longer  need  be  con- 
sidered on  the  diagram. 

The  line  limiting  the 
area  of  the  a  solid  solu- 
tion, rich  in  copper,  is 
not  vertical,  but  is  a 
curve  of  the  form  b.^nib.^, 
commencing  from  the 
point  bo. 

It  wiU  be  noted  that 
at  300°  C,  and  therefore 
at  atmospheric  tempera- 
ture, the  a  solid  solution 
may  contain  between  63  per  cent,  and  100  per  cent.  Cu.  The 
diagram  shows  that  the  alloys  containing  between  63-70  per  cent. 
Cu  undergo  a  transformation  on  heating  with  the  formation  of  a 
mixture  of  a  -f  ^  solid  solutions. 

The  alloys  containing  between  63  and  40  per  cent.  Cu  will  now 
be  examined.     They  all  show  two  transformation  points,  the  one 

^  The  three  series  of  alloys  Cu-Zn,  Ag-Zn,  and  Ag-Cd  show  a  remarkable  similarity 
of  diagram  and  constitution  (see  Carpenter  and  Whiteley,  Itit.  Zeit.  Metall.,  vol.  iii. 
p.  145,  1912). 
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BRASSES  {cont. 


(Cu  =  58;  Zn  =  42.) 

Pig.  424.— Brass  :  a  +  jS. 

Etchant :  Acid  ferric  chloride. 
(X  50) 


(Cu=  56-5;  Zn  =43-5.) 

Fig.  425.— Brass  :  a  +  j8. 

Etchant  :  Ammoniacal  copper  solution. 
(  X  50.) 


\ 


*  d. 


(Cu=  55-7;  Zn=  44-3.) 

Fig.  42G.— /3  brass  with  a  little  a. 

Etchant :  Acid  ferric  chloride. 

( X  50.) 


(Cu  =  53.) 

Fig.  427. — Pure  /3  brass. 

Etchant :  Acid  ferric  chloride. 
( X  50.) 
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For  other  alloys  : 

Water  . .  . .     100  c.c. 

Hydrochloric  acid      .  .  . .  . .     6  c.c. 

Ferric  chloride  . .  .  .  .  .     19  gms. 

These  solutions  darken  (blacken)  the  ^  constituent,  the  a  solid 
solution  remaining  unaffected. 

Pure  a  solid  solution  has  the  appearance  of  a  heterogeneous 
solid  solution  in  cast  brass  ;  the  dendritic  formation  is  easily  visible 
at  low  magnifications  ;  when  rolled  and  annealed,  the  usual  structure 
consists  of  a  number  of  irregular  grains  of  varying  colour  exhibiting 
marked  twinning  (see  PI.  XXV  to  XXXII.,  p.  120). 

When  the  structure  consists  of  a+apparent  ^,  the  ^i  constituent 
is  always  more  coloured  than  the  a  constituent  in  contact  with  it 
(Figs.  421-423,  PL  LXXVI.)  ;  but  this  jS^  coloration  in  cast  brass 
varies  with  different  grains,  according  to  the  order  of  solidification 
of  the  primary  crystals  (Fig.  424,  PI.  LXXVII.,  and  Fig.  433,  PI. 
LXXIX.,  p.  227),  in  such  a  manner  that  it  is  possible  to  find  the 
a  of  one  grain  more  coloured  than  the  ^i  of  another  grain.  In  any 
given  grain,  the  ^^  is  always  more  readily  coloured  or  etched  than 
the  a  solid  solution.  This  slight  complication  is  greatly  lessened  in 
alloys  that  have  been  subjected  to  mechanical  treatment. 

Finally,  it  will  be  observed  from  the  micrographs  that,  between 
53  per  cent,  and  63  per  cent.  Cu  there  is  a  direct  relation  between 
the  copper  content  and  the  constitution  of  the  alloys. 

Various  Physical  Properties. — The  examination  of  the  electrical 
resistance  of  these  alloys  has  shown  a  sharp  variation  to  occur 
beyond  the  range  with  which  we  are  at  present  concerned.  The 
examination  of  the  electro-chemical  potential  of  these  alloys,  in 
recent  researches  by  Pouschine,  has  shown  sharp  variations  to 
occur  corresponding  to  the  definite  compounds  ZugCu,  ZuoCu, 
ZnCu  and  ZnCu,,  which  probably  exist  in  solid  solution. 

Relation  between  the  Diagram  and  the  Mechanical  Properties  at 
Ordinary  Temperatures. — One  of  the  authors  has  recently  renewed 
the  investigation  into  the  relation  between  the  constitution  and  the 
mechanical  properties  of  the  copper-zinc  aUoys.  It  may  be  observed 
that  the  classical  curves,  produced  by  Charpy,  giving  the  elongation 
and  the  ultimate  strength,  found  by  tensile  tests,  show  certain 
inexplicable  irregularities  ;  a  maximum  elongation  for  70  per  cent. 
Cu,  a  maximum  ultimate  strength  with  57  per  cent.  Cu.  But  it  is 
known  that  with  compositions  corresponding  to  the  a-f^  structures, 
the  mechanical  properties  should  vary  directly  along  a  straight  line, 
at  least  as  far  as  the  eutectoid  point. 

The  curves.  Fig.  419,  give  the  results  obtained  by  one  of  the 
authors  with  rolled  and  annealed  alloys.  The  curves  for  the  elongation 
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and  ultimate  strength  are  practically  of  the  same  form  as  those 
given  by  Charpy  ;  the  difference  in  the  actual  results  can  undoubtedly 
be  explained  by  the  method  of  preparation  of  the  alloys  (cold  or 
hot  rolling  according  to  composition).     But  the  additional  figures 
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for  hardness  and  impact  tests  give  confirmation  to  the  law  of  propor- 
tionality. 

If  this  is  not  evident  from  the  ultimate  strength  of  the  alloys, 
it  is  owing  to  the  relative  brittleness  of  the  alloys  introducing  errors 
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into  the  test.  As  regards  the  elongation  figures,  the  maximum 
exactly  coincides  with  the  appearance  of  the  transformation  point 
and  the  possibility  of  the  existence  of  a  little  ^j  on  cooling. 

For  further  details  reference  should  be  made  to  the  original 
paper.  1 

Relation  between  the  Diagram  and  Treatment. — The  mechanical 
treatment,  which  is  of  considerable  importance,  proceeds  directly 
according  to  the  diagram. 

Copper  may  be  forged  either  hot  or  cold.     The  a  solid  solution, 
at  least  when  of  relatively  low  zinc  content,  should  exhibit  similar 
properties.     Thus  it  is  possible  tc  roll  copper-zinc  alloys  containing 
above  90  per  cent.  Cu  either  hot  or  cold,  provided  they  are  very 
free   from   impurities.     The ,  a  ^  solid   solution    containing   between 
63-90  per  cent.  Cu  cannot  be  G<3dd-rolled.     Thus,  if  the  curves  showing 
the  variations  of  mechanical  properties  with  change  of  temperature 
are  examined  (Figs.  142, 143,  p.  112)  it  will  be  seen  that  the  elongation 
of  a  brass  containing  70  per  cent.  Cu  decreases  rapidly  with  rise  of 
temperature  and  only  increases  again  through  a  small  temperature 
range  (between  65o°-75o°).     The  elasticity  (impact  figure)  remains 
very  low  above  300°.     The  ^  solid  solution  is  malleable  whilst  hot 
but  not  cold.     Thus  the  brasses  containing  between  53-63  per  cent. 
Cu  are  malleable  whilst  hot  (65o°-8oo°  C).     They  afe  only  malleable 
cold  when  they  contain  very  little  of  the  ^  constituent,  and  this 
quality  is  therefore  confined  to  alloys  containing  60-63  P^^"  cent.  Cu. 
These  results  may  be  summarised  as  follows  : — 

1.  Brasses  consisting  of  a  solid  solution  may  always  be  cold 
worked. 

2.  a  brasses  can  only  be  worked  hot  when  of  high  copper  content 
(90-100  per  cent.  Cu), 

3.  Brasses  consisting  of  a  and  ^  can  only  be  worked  at  high 
temperature  (between  65o°-8oo°),  except  when  they  contain  only 
small  amounts  of  j3  (Cu  =60-63  P^r  cent.)  when  they  may  also  be 
cold-worked. 

With  alloys  consisting  of  a  single  constituent,  mechanical  treat- 
ment followed  by  annealing  produces  a  very  regular  and  clearly 
outlined  polygonal  structure  (see  Figs.  196-199,  PI.  XXXL,  p.  121). 

The  various  mechanical  treatments  which  are  carried  out  at 
ordinary  temperature  such  as  drawing,  stamping,  etc.,  may  be 
more  easily  performed  the  gi  eater  the  elongation  and  the  lower  the 
elastic  limit  of  the  material.  Therefore  it  is  the  alloys  consisting 
of  the  a  solid  solution  which  yield  the  best  results  with  this  type  of 
treatment  and  more  especially  those  containing  approximately 
70  per  cent.  Cu.  However,  all  these  alloys  may  be  drawn  down  into 
wire,  but  the  aUoys  containing  two  constituents  require  more  power 

^  Guillet,  Rev.  de  Met.,  vol.  xi.  p.  1094,  1914. 
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and  greater  precautions  to  be  taken  in  this  operation  (such  alloys 
require  to  be  more  frequently  annealed). 

Heat  treatment  other  than  annealing  is  not  of  great  importance 
with  these  alloys  :  the  structure  of  the  alloys  containing  between 
63  and  55  per  cent.  Cu  practically  corresponds  to  the  structure  of  a 
quenched  alloy.  Alloys  containing  between  63  and  70  per  cent.  Cu 
may  be  quenched  with  beneficial  results,  but  a  similar  structure  may 
be  more  economically  obtained  by  the  addition  of  zinc  to  the  alloy. 

The  annealing  of  cold-worked  brass  produces  effects  which  have 
already  been  considered.  These  effects  have  been  studied  more 
especially  by  Charpy  and  Grard,  and  their  results  have  already 
been  quoted  in  considering  the  general  conditions  of  annealing 
(Chap.  HL,  p.  121). 

Relation  between  the  Diagram  and  the  Industrial  Uses. — A  primary 
factor  in  the  choice  of  an  alloy  of  any  definite  composition  is 
the  question  of  cost,  and  this  is  essentially  dependent  on  the  zinc 
content.  Again,  the  colour  is  frequently  of  great  importance ; 
alloys  very  rich  in  copper  (90  per  cent.  Cu)  of  reddish  colour  or  the 
so-called  gilding  alloys  (80-85  per  cent.  Cu)  are  used  for  cheap 
jewellery.  Brass  plate  and  sheet  is  nearly  always  of  pure  a  composi- 
tion. To  avoid  manufacturing  difficulties,  alloys  required  for 
spinning  or  stamping,  as  in  the  manufacture  of  brass  cartridge  cases, 
should  contain  approximately  70  per  cent.  Cu  ;  the  composition  of 
French  cartridge  case  brass  is  67  per  cent.  Cu,  33  per  cent.  Zn. 

In  all  cases,  in  spite  of  the  increased  cost,  it  is  better  to  choose 
an  alloy  of  composition  to  the  left  of  the  maximum  elongation  point 
rather  than  to  the  right  of  this  composition  to  obtain  a  given  elonga- 
tion ;  this  is  due  to  the  fact  that  alloys  containing  above  70  per  cent. 
Cu  show  no  transformation  point  and  therefore  contain  no  j8  constit- 
uent, no  matter  what  annealing  treatment  they  may  have  received. 
For  the  manufacture  of  very  thin  sheet  or  foil  (Dutch  metal)  alloys 
of  similar  structure  are  used. 

For  manufacturing  processes  and  uses  that  do  not  require  such 
high  elongation,  alloys  of  lower  copper  content,  and  therefore  of  less 
cost,  may  be  used  ;  the  alloys  containing  65  per  cent.  Cu  (brass 
sheet)  and  62  per  cent.  Cu  are  frequently  used,  but  the  alloy  with 
62  per  cent.  Cu  contains  a  little  j8  constituent. 

Muntz  metal  (60  per  cent.  Cu)  can  be  worked  hot  and  the  rolled 
alloy  was  used  as  sheathing  metal  for  ships.  This  alloy  with  1-2 
per  cent,  lead  added  gives  a  brass  of  reduced  strength  and  ductihty 
but  possessing  greatly  improved  machining  qualities. 

In  some  instances  the  copper  content  of  brasses  will  be  found 
as  low  as  56"5-57'5  per  cent.  Cu. 

Brass  wire  and  rod  may  be  of  varying  composition.  Ordinary 
free-machining  or  free-cutting  brass  contains  58-61  per  cent.   Cu, 
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0*5 — 10  per  cent,  impurities,  and  not  more  than  1-2  per  cent  lead, 
the  effect  of  which  will  be  described  later.  Such  an  alloy  gives 
approximately  the  following  figures  on  test  :  Ult.  strength  =20 
tons  sq.  in. ;  percentage  elongation  =30.  Brasses  of  relatively  low 
copper  content  are  used  both  because  of  their  lower  cost  and  because 
they  machine  more  easily  than  those  of  higher  copper  content. 

For  certain  purposes,  stampings,  etc.,  where  the  elongation  is  of 
importance,  those  of  high  copper  content  must  be  used  :  62,  65,  67, 
70,  and  even  72  per  cent,  copper  is  quite  usual.  Brasses  containing 
82,  88,  90  per  cent.  Cu  are  only  used  in  certain  special  instances 
(jewellery). 

The  alloys  used  for  the  manufacture  of  brass  tube  usually 
contain  62-70  per  cent.  Cu. 

The  alloys  for  hot  forging,  pressing,  drawing,  and  stamping 
contain  between  55  and  62  per  cent.  Cu,  and  consist  of  two 
constituents. 

Castings  are  of  very  variable  composition  ;  they  are  frequently 
cast  from  old  metal  remelted.  However,  it  should  be  noted  that 
the  brasses  of  a  composition  (usually  62-67  P^^  cent.  Cu)  have  a 
much  lower  coefficient  of  contraction  than  the  a+^  brasses  (58-62 
per  cent.  Cu),  but  the  latter  are  much  stronger.  The  addition  of 
lead  imparts  easy  machining  qualities. 

Then,  there  is  the  use  of  brass  as  brazing  solder,  in  which  case 
the  melting  point,  shown  by  the  diagram,  is  of  great  importance  ; 
brazing  solder  for  iron,  which  may  have  a  high  melting  point, 
contains  between  67-72  per  cent.  Cu,  whilst  that  for  brass  and 
copper  contains  between  48  per  cent,  and  55  per  cent.  Cu  and  is  of 
lower  melting  point. 

Special  Brasses. 

Special  brass  is  the  term  applied  to  a  copper-zinc  alloy  to  which  a 
third  element  has  been  intentionall}^  added. 

The  theory  of  the  special  brasses  is  applicable  to  the  three 
principal  groups  of  commercial  copper  alloys  :  copper-zinc,  copper- 
tin,  and  copper-aluminium,  and  a  short  summary  of  the  work 
of  one  of  the  authors  on  this  subject  will  be  given.  1 

If  a  third  element  is  added  to  a  copper-zinc  alloy  three  conditions 
may  arise. 

1.  The  element  added  separates  in  the  free  condition  :  this  is 
the  case  with  lead  (PI.  LXXVIIL,  Figs.  429,  430,  see  p.  226). 

2.  The  element  added  forms  a  separate  constituent ;  this  occurs 
with  phosphorus  and  tin. 

3.  The  element  enters  into  solution  in  the  constituent  or  con- 
stituents of  the  copper-zinc  alloy.     This  is  the  most  usual  case. 

^  Guillet,  Rev.  de  Met.,  vol.  iii.  p.  143,  1906. 
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It  is  possible,  moreover,  that  in  the  first  case  the  elements  at 
first  enter  into  solid  solution,  but  that  the  solid  solution  can  only 
retain  a  very  small  percentage  of  the  element  added. 

As  previously  stated,  on  the  appearance  of  a  new  constituent 
in  an  alloy,  the  mechanical  properties  of  such  an  alloy  decrease  in 
value. 

Thus  the  addition  of  lead  to  a  brass  lowers  the  ultimate  strength 
and  elongation,  but  brasses  of  this  composition  are  sometimes  of 
industrial  importance.    Two  typical  examples  may  be  quoted. 

All  free-cutting  or  machining  brass,  if  it  is  to  work  satisfactorily 
in  automatic  machines  and  give  good  turnings,  should  contain 
I  to  3  per  cent,  lead  ;  the  lead  separating  throughout  the  mass  in 
the  form  of  minute  globules,  forms  planes  of  weakness  along  which 
the  metal  is  broken  away  (sheared)  by  the  tool. 

Brass  to  resist  the  action  of  sea-water,  and  probably  fresh-water, 
contains  i  per  cent,  tin  and  usually  60-62  per  cent.  Cu  (naval  brass). 
There  is  then  formed,  instead  of  the  partially  transformed  /8  solution, 
a  constituent  which  appears  to  resemble  the  8  solution  of  the  bronze 
series. 

It  has  already  been  stated  that  the  most  general  case  is  that  in 
which  the  added  element  enters  into  solid  solution  with  one  or  both 
of  the  constituents  of  the  copper-zinc  alloy. 

A  typical  example  may  be  considered  : 

Consider  an  alloy  : 

Cu=7o      Zn=3o 

and  compare  it  with  an  alloy  of  the  same  copper  content,  but  in 
which  4  per  cent,  of  the  zinc  content  has  been  replaced  by  another 
element  M  ;  the  composition  will  then  be  : 

Cu=7o      Zn=-26      M=4 

Microscopical  examination  of  the  two  alloys  will  show  the  first 
alloy  to  consist  of  a  pure  a  solid  solution,  whilst  the  second  alloy 
will  show  an  a-j-jS  structure,  the  two  constituents  being  present 
in  the  same  proportions  as  found  in  an  ordinary  brass  of  composition  : 

Cu=58-5      Zn=4i-5 

Thus,  such  a  special  brass  is  stated  to  have  : 

An  actual  composition  (found  by  chemical  analysis)  :    Cu=7o. 

An  apparent  composition  (found  by  microscopical  examination)  : 
Cu=57. 

The  approximate  apparent  content  can  only  be  found,  by  micro- 
scopical examination,  within  tne  limited  range  of  composition 
existing  between  53  and  63  per  cent.  Cu,  in  which  range  two  con- 
stituents are  present.  From  the  microscopical  examination  it  follows 
that  the  addition  of  4  per  cent,  of  the  element  M  is  equivalent  to 
adding  a  certain  quantity  of  zinc. 
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If  the  term,  equivalent  coefficient  of  the  element  M,  is  applied  to 
the  amount  of  zinc  which  is  substituted  by  i  per  cent,  of  this  special 
element,  the  composition  of  the  alloy  being  referred  to  100,  then 
the  relation  which  exists  between  the  real  and  apparent  compositions 
may  be  found. 

Example  :  If  the  equivalent  coefficient  (t)  of  the  special  element 
M=t=6. 

The  preceding  alloy  of  composition  :  Cu=7o,  Zn=26,  M=4  will 
have  an  apparent  composition  : 

Zn=26+4x6=5o 

which  reduced  to  a  percentage  (100)  is  : 

„        50  X  100  ^ 

Zn  = -—  =  41  -6 

70+50       ^ 

Therefore  the  apparent  copper  content  is  Cu=58-4. 
Let  A  be  the  real  percentage  content  of  copper ;  B  the  real 
percentage  content  of  zinc ;  q  the  percentage  amount  of  the 
additional  element  added,  and  t  the  equivalent  coefficient  of  this 
element ;  A'  the  apparent  content  of  copper ;  B'  the  apparent 
content  of  zinc.     Then  : 

A+B+^^ioo 
A'+B'=ioo 

But  B'=B -^tq  reduced  to  100  basis  ;  then 

(B+^;g)ioo 

A+B+tq 

Ti,      f  A'   I  ^oo{B+ tq) 

Therefore  A  +  ^     '       ,    /  =100 

A+B+  tq 

then:  A'(A+B+^^)=iooA 

But  A+B==ioo— ^  :  A'(ioo— 5'+^^)=iooA 
AV(^-i)=ioo(A-A') 

„,       ,  .  .  ioo(A  —  A') 

Therefore  (i)     <?= — 7-77- r-^ 

^  ^     ^        A{t  —  i) 

where  ^=the  percentage  amount  of  special  element  of  equivalent 
coefficient,  t,  required  to  obtain  an  aUoy  of  real  copper  content  A, 
and  apparent  content  A'. 

/  \      A'  looA 

^  '  100 -\-q{t  —  l) 

this  equation  gives  the  apparent  copper  content  A'  of  an  alloy  of 
actual  content  A,  to  which  has  been  added  a  quantity  q,  of  a  special 
element  of  equivalent  coefficient  t. 

(3)  i  =1+100^^ 

Q 
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this  equation  shows  the  equivalent  coefficient  t  of  the  special  element 
which  added  in  quantity,  q,  to  an  alloy  of  actual  content  A,  gives 
it  an  apparent  content  A'. 

These  formulse  show  that  if  t  is  greater  than  unity,  the  apparent 
content  (Cu)  is  less  than  the  real  content  ;  whilst  if  t  is  less  than 
unity  the  apparent  content  is  greater  than  the  real  content. 

Tests  carried  out  by  one  of  the  authors  with  this  object  have 
enabled  the  following  approximate  equivalent  coefficients  to  be 
determined. 

Si— 10,      Al=6,      Mn=o-5,      Fe^o-g,      Ni=— 1-3. 

Silicon  and  aluminium  give  an  apparent  content  appreciably 
lower  than  the  real  content  (PI.  LXXVIIL,  Figs.  431,  432),  iron 
causes  practically  no  alteration,  manganese  and  more  particularh^ 
nickel  give  an  apparent  content  that  is  greater  than  the  actual 
content  of  copper  (PI.  LXXIX.,  Figs.  433-436). 

The  practical  use  and  interest  of  the  apparent  content  requires 
consideration. 

A  comparison  of  an  ordinary  brass  of  definite  composition  with 
a  special  brass  of  the  same  apparent  composition  will  show  the 
two  to  possess  similar  properties,  but  the  special  brass  will  be  stronger 
and  superior  to  the  former  alloy. 

Two  typical  examples  may  be  quoted  : 

(i)  Manganese  brass  (Cu=55,  Zn=:4o,  Mn=5). — Apparent  com- 
position by  examination,  56-5  ;  by  calculation  (Mn  coef.  =o'5)  =564. 
The  rolled  and  annealed  metal  gave  the  following  tests  :  ult. 
strength  =31  "5  tons.  Elastic  limit =15  "8.  Percentage  elongation =25. 
The  alloy  of  actual  composition  Cu=56'5,  Zn=43"5  under  similar 
conditions  gave  :  ult.  strength =28  4  tons.  E=8'8  tons.  Percent- 
age elongation =18. 

(2)  Nickel  brass  (Cu=55-2,  Zn=42'3,  Ni=2"5). — Apparent  com- 
position by  examination  =58 'o  per  cent.  Cu ;  by  calculation  (Ni 
coef.  =  — 1"3)  =58*4  percent.  Cu. 

The  rolled  and  annealed  metal  gave  the  following  tests :  ult. 
strength=287  tons.     E=8-25  tons.     Percentage  elongation  =33. 

The  reduction  in  area  could  not  be  measured,  owing  to  the 
deformation  and  irregularities  of  the  surface. 

The  alloy  of  actual  composition  Cu=58,  Zn=42,  under  similar 
conditions  gave  tests  as  follows  :  ult.  strength =25 '2  tons.  E=7'6 
tons.     Percentage  elongation  =25. 

It  will  be  observed  that  microscopical  examination  alone  enables 
the  apparent  composition  to  be  determined,  when  such  content  is 
between  54  and  63  per  cent.  Cu,  and  also  determines  whether  the 
metal  may  be  worked  hot  or  cold,  as  this  is  only  dependent  on  the 
apparent  composition  (constitution). 


>1.  LXXVIIl. 
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(Cu  =  55  ;  Zn  =  40  ;  Pb  =  5.) 

Pig.  429. — Lead  brass. 

Rolled,  drawn  i,nd  annealed. 

(X  50.) 


(Cu  =  59  ;  Zu  =  40  ;  Pb  =  1.)   J 

Fig.  4.30. — Lead  brass. 
Free  cutting  brass,  rolled,  drawn  and  annealed. 
(X  50.) 


(Cu  =  60  ;  Zn  =  36 ;  Al  =  4.) 

Fig.  431. — Aluminium  brass. 
)8  constituent. 

Etchant :  Ammoniacal  copper  solution. 
(X  50.) 


(Cu  =  67  ;  Zn  =  29-5  ;  Al  =  3-5.) 

Fig.  432. — Aluminium  brass  ;  a+  0. 
The  same  constitution  as  Cu  =  57  :  Zn  =^  43. 

Etchant :  Ammoniacal  copper  solution. 
(X  50.) 


PI.  LXXIX. 
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(Gu  =  55;  Ni  =  0-5.) 

Fig.  433. — Nickel  brass. 

Etchant :  Acid  ferric  chloride. 

(X  30.) 


(Cu  =  56;  Ni  =  2.) 

Pig.  434. — Nickel  brass. 

Sand  cast :  Aunealed  at  750°  C. 

Etchant :  Acid  ferric  chloride. 

(X57.) 


i^'i^^-\<'-'^\'^- 


(Cu  =  55-4  ;  Ni  =  5-0.) 

•  Pig.  435. — Nickel  brass. 
Sand  cast :  As  cast. 

Etchant :  Acid  ferric  chloride. 
(X  200.) 


(Cu=49-4;  Ni  =  5-2.) 

Pig.  436. — Nickel  brass. 

Sand  cast :  Annealed  at  750"  C. 

Etchant :  Acid  ferric  chloride. 

(x57.) 
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It  must  be  noted  that  actually  the  equivalent  coefficient  has  a 
definite  value  for  the  lower  limit  of  the  a  solution  (minimum  content 
of  copper  in  this  solution),  and  a  different  value  for  the  upper  limit 
of  the  p  solution  (maximum  content  of  copper  in  this  solution) . 

These  two  values  enable  the  apparent  composition  to  be  calcu- 
lated for  any  alloy  according  to  its  composition,  the  value  of  the 
equivalent  coefficient  varying  directly  between  the  two  extreme 
limits.  When  the  range  of  composition  corresponding  to  the 
existence  of  two  constituents  is  limited,  as  in  the  case  of  the  brasses 
and  also  the  aluminium  bronzes — but  not  in  the  case  of  the  bronzes 
(copper-tin  series) — it  is  possible  in  practice  to  employ  one  value  for 
the  equivalent  coefficient. 

The  principal  special  brasses  are  : 

Those  containing  lead,  which  are  termed  free-cutting  or  free- 
machining  brasses. 

Those  containing  tin — naval  brasses  used  in  ship  construction 
and  for  articles  subject  to  sea- water  corrosion. 

Those  containing  aluminium,  manganese,  or  iron,  and  usually 
more  than  one  of  these  elements,  known  under  the  general  term 
high  tensile  bronzes. 

Those  containing  nickel,  which  have  only  recently  been  studied 
and  appear  to  be  of  considerable  interest,  because  of  the  increase  in 
malleability  due  to  the  presence  of  this  element. 

But  generally,  and  unjustifiably  in  the  authors'  opinion,  extremely 
complex  alloys  are  frequently  employed  in  commercial  practice. 

A  typical  example  is  : 

Cu=5i74      Pb=o-89         Sn=o-3i     Fe=i-43 
Zn=37-03      Mn=i-99        Al=2-34      ^==3-34 

There  can  be  no  doubt  that  an  equally  good  result  could  have 
been  obtained  with  a  far  less  complex  composition  and  at  the  same 
time  a  simpler  and  less  costly  melt. 

In  practice  it  is  possible  to  obtain  special  brasses  that  will  give 
figures  within  the  following  limits  in  the  rolled  and  annealed  condition : 

Ult.  st,  =  35  tons    E  ^  20     Percentage  elongation  ^  40 

3.  Ordinary  Bronzes  (Copper-tin  Alloys) 

The  simple  copper-tin  alloys  or  ordinary  bronzes  are  used  com- 
mercially when  they  contain  over  75  per  cent.  Cu.  For  theoretical 
reasons,  and  in  order  to  include  the  speculum  metals,  formerly  used 
for  mirrors,  and  containing  up  to  40  per  cent.  Sn,  the  alloys  containing 
between  100  per  cent,  and  50  per  cent.  Cu  will  be  considered. 

The  copper-tin  diagram  is  due,  principally,  to  the  researches  of 
Heycock  and  Neville,  Shepherd  and  Upton,  and  Giolitti  and  Tavanti. 
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The  authors  have  modified  it  at  certain  points,  i  in  order  that  it  may 
conform  with  the  general  principles  of  the  constitution  of  alloys 
(Fig.  437). 

Diagram. — Liquidns. — The  liquidus  consists  of  three  curved 
sections  :  AB,  commencing  from  the  melting  point  of  pure  copper 
and  steeply  inclined  to  the  horizontal ;  BC,  very  short ;  and  CD,  very 
much  less  inclined. 


Fig.  437. — Copper-tin  diagram. 


An  a  solid  solution  separates  along  AB  ;  along  BC  a  j3  solid 
solution ;  and  along  CD  a  third  solid  solution,  y  solution. 

Solidus. — -The  solidus  consists  of  three  inclined  branches  Abo, 
biC2,  and  c^^i,  showing  the  completion  of  sohdification  of  the  three 
solid  solutions  a,  ^,  y,  and  three  horizontals  b^hi,  C2C1,  and  d^di, 
corresponding  to  the  three  transition  points  B,  C,  and  D.  With  this 
last  point,  owing  to  the  disposition  of  the  curves  in  the  vicinity  of 

1  Refer  Portevin,  Rev.  de  Met.,  vol.  vi.  a,  p.  479,  1909  ;  also  Slavinsky,  Rev.  d& 
Met.,  vol.  xii.  a,  405,  1915. 
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the  horizontal  dJ^^d,  it  will  be  observed  that  on  passing  the  hori- 
zontal with  decreasing  temperature,  there  will  be  an  increase  in  the 
quantity  of  liquid  present  owing  to  the  reaction. 

y  (of  composition  ^i)->Cu3Sn(point  d^)  +  liquid  D 

Similarly  with  the  alloys  between  d^d^,  which  are  completely 
solidified  above  the  horizontal,  there  is  the  appearance  of  liquid; 
thus  a  partial  fusion  during  cooling  occurs. 

If  an  alloy  containing  60  per  cent.  Cu  be  considered  :  It  is 
sohd  below  the  horizontal  CiC,  partially  hquid  between  e^e  and  d^d  ; 
again  becomes  entirely  solid  between  this  line  (^2^)  ^^^  the  point  O, 
passes  into  the  partially  liquid  condition  between  O  and  Oi,  becom- 
ing entirely  liquid  above  O^. 

Transformation  Lines. — The  copper-tin  alloys  present  one  of 
the  most  complex  examples  of  transformation  lines.  As  with  the 
brasses,  it  will  be  observed  that  the  temperature  scale  does  not 
extend  to  atmospheric  temperature,  but  stops  at  200°  C. 

The  a  solid  solution  area  is  outUned  on  the  right  by  a  curve, 
showing  a  minimum  of  87  per  cent.  Cu  between  200°  and  ordinary 
temperature. 

Thus  the  bronzes  containing  less  than  13  per  cent.  Sn  consist 
of  only  one  constituent.  In  actual  practice,  in  cast  alloys,  the 
S  constituent  is  also  present,  and  will  be  described  later  (alloys  con- 
taining 8  per  cent.  Sn).  Prolonged  annealing  enables  equilibrium 
conditions  to  be  attained  with  the  consequent  disappearance  of  this 
constituent  as  previously  explained  (Chap.  II.,  p.  82). 

The  pure  ^  solid  solution  solidifies  along  &1C2  ;  but  the  limits  of 
this  solid  solution  vary  with  the  temperature.  Consequently  this 
solid  solution,  on  cooling,  liberates  a  along  the  line  bitn,  the  y  solution 
along  the  curve  CoU,  and  finally  a  third  solid  solution,  8,  along  the 
small  section  inn.  The  solid  solution  ^  gives  place  to  a  eutectoid 
of  a  +  S  along  the  horizontal  at  m.  Therefore,  below  the  horizontal 
im  there  are  the  solid  solutions  a  or  S  and  their  eutectoid.  Moreover, 
owing  to  the  shape  of  the  curves  outlining  the  a  -f  S  area,  there  is, 
subsequent  to  the  formation  of  the  a  +  S  eutectoid,  a  deposition  of 
8  surrounding  the  eutectoid  areas  (Fig.  442,  PI.  LXXXL,  p.  232). 

The  y  solid  solution  solidifies  along  Cidi  and  the  limits  of  composi- 
tion vary  with  the  temperature,  as  in  the  case  of  the  j3  solution. 
The  solution  changes  in  composition  liberating  the  j8  solid  solution 
along  cm,  the  compound  Cu3Sn  along  the  curve  din  and  the  8 
solid  solution  along  the  curve  n'm'.  The  point  m  corresponds  to 
the  eutectoid  /3-f-S  and  between  the  horizontal  at  the  point  nt 
and  that  at  the  point  7n,  ^  or  8  exist  together  with  their  eutectoid. 

Finally,  along  the  horizontal  n'm,  the  following  reaction  occurs  : 

y  H-CugSn^S 
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This  complex  section  of  the  diagram  has  been  variously  con- 
sidered by  different  authorities  ;  there  is  no  necessity  to  consider 
this  question  more  deeply  in  the  present  instance,  since  the  com- 
positions of  the  commercial  bronzes  used  for  engineering  and  similar 
work  do  not  lie  within  this  area. 

Constituents  (Pis.  LXXX.-LXXXVL,  p.  232).— The  constitution 
at  200°  C.  is  taken,  since  it  is  identical  at  atmospheric  temperature. 

Between  100  and  ^y  per  cent.  Cu  :  a  solid  solution. 

Between  87  and  72  per  cent.  Cu  :  a  solution,  S  solution  and  their 
eutectoid. 

Between  72  and  67  per  cent.  Cu  :  S  solution. 

Between  67  and  61 -6  per  cent.  Cu  :   8  solution  ^-CugSn. 

Between  61 '6  and  50  per  cent.  Cu  :  CusSn+solid  solution  closely 
approaching  CuSn. 

The  usual  etchants  are  as  follows  : 

Ferric  chloride  serves  as  a  means  of  identifying  the  constituent 
S,  which  appears  of  a  bluish- white  colour  after  etching. 

Sodium  picrate  darkens  the  S  constituent. 

Ammoniacal  copper  solution. 

Sodium  hydrate  or  ammonia  -)-  hydrogen  peroxide,  which,  acting 
as  an  oxidising  agent,  clearly  reveals  the  chemical  heterogeneity 
of  the  unannealed  a  solid  solution. 

For  quenched  bronzes  the  same  etchants  may  be  used  :  j8  is 
blackened  by  ferric  chloride,  whilst  S  retains  its  bluish  colour. 

In  cast  bronzes  consisting  of  the  pure  a  solution,  the  chemical 
heterogeneity  of  this  solution  may  be  clearly  shown  by  oxidising 
etching  (Fig.  107,  PL  XIIL  cont.) ;  at  low  magnifications  the  dendritic 
structure  is  clearly  seen.  The  dendritic  structure  is  even  more 
evident  in  alloys  containing  the  eutectoid  when  the  a  dendrites 
appear  of  varying  colour  from  pale  yellow  to  dark  fawn  and  are 
very  clearly  outlined  by  the  surrounding  eutectoid,  to  which  S  gives 
its  characteristic  bluish- white  colour  (Fig.  445,  PI.  LXXXL  ;  Figs. 
446,  447,  PI.  LXXXIL).  At  higher  magnifications,  the  eutectoid 
is  resolved  into  a+S  (Fig.  442,  PL  LXXXL  ;  Fig.  449.  PL  LXXXIL), 
the  a  being  of  varying  shades  of  yellow  and  the  8  bluish  white  ; 
the  S,  which  is  easily  visible  after  simple  polishing  owing  to  its 
bluish-white  appearance,  forms  a  border  round  the  eutectoid  (Fig. 
442,  PL  XXXI.  and  Fig.  449,  PL  LXXXIL).  The  formation  of  this 
border  is  due  to  the  deposition  of  S  subsequent  to  the  formation  of 
the  eutectoid  as  shown  by  the  lines  of  the  diagram.  The  a  solid 
solution  often  presents  a  striated  appearance,  and  this  structure 
may  be  traced  to  the  effects  of  cold- work.  The  j3  constituent 
appears  either  homogeneous  (Fig.  452-454,  PL  LXXXIII.)  or 
needle-shaped  (Fig.  453,  PL  LXXXIII.),  and  is  sometimes  surrounded, 
when  mixed  with  a,  by  a  fine  border  of  S  (Fig.  443,  PL  LXXXL). 
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Various  Physical  Properties. — The  determination  of  the  expan- 
sion, electro-chemical  potential,  thermal  and  electric  conductivities, 
thermo-electric  power,  density  and  heat  of  formation  as  functions  of 
the  composition  have  indicated  the  presence  of  the  compound 
CusSn,  the  existence  of  which  no  longer  remains  in  doubt. 

Relations  between  the  Diagram  and  the  Mechanical  Properties  at 
Atmospheric  Temperature. — The  curves  shown  in  Fig.  465  give  the 
ultimate  strength,  elastic  limit,  and  percentage  elongation  for  alloys 
of  tin  content  between  o  per  cent,  and  20  per  cent.  Sn.  It  will 
be  observed  that  between  o  per  cent,  and  18  per  cent.  Sn  the 
tests  have  been  made  on  roUed  and  annealed  material  and  between 
10  and  20  per  cent.  Sn  on  cast 


Nfechanical  properties  of  bronzes  (CuSn) 
rolled  &  armeaJed  cast 

_E  A% 


R 


material. 

Further,  with  rolled  mate- 
rial,    the    ultimate    strength 

increases   regularly  with    the         -j^i | |     |  \     \     \     \     \     \^\45 

tin  content ;  the  same  applies 
to  the  elastic  limit  and  per- 
centage elongation  up  to  8 
per  cent.  Sn  ;  they  then  ap- 
pear to  remain  constant  be- 
tween 8  and  10  per  cent.  Sn. 
With   cast    material    it    was 

found    impossible    to    deter-     t^  3^ ,     I     ly^     I     I     ,     [     I  [  j  .g 

mine    the   elastic   limit    with     ^"^  «-l     1/1  rhsj  I        !  > 

any  accuracy  ;    the  elongation         ^o  \ L  1     1     1     r-.  1     1     1 — r    1  1  c 

is  zero  above  18  per  cent.  Sn         ..  H  ■       1  ^ 

and  at  this  point,  the  alloys 
becoming  so  brittle,  the  ulti- 
mate strengths  are  open  to 
question. 

Moreover,    in    accordance 
with  the  law  of   proportion- 
ality the  properties  of  the  a+S  alloys  should  vary  along  a  straight 
line.     If  this  is  not  the  case,  it  wiU  be  due  to  their  brittleness  and 
their  heterogeneity  in  the  cast  state. 

There  is  thus  a  direct  relation  between  the  properties  and  the 
constitution  :  the  a  solution  is  malleable,  whereas  the  hard  and  brittle 
S  solution,  although  giving  certain  frictional  qualities  to  the  material, 
decreases  the  elongation  and  elasticity  (impact). 

It  should  be  stated  that  the  8  constituent  of  industrial  bronzes 
is  present  in  the  form  of  eutectoid,  as  shown  by  the  point  m  on  the 
diagram. 

Thus  the  mechanical  properties  of  the  a  sohd  solution  bronzes 
are  of  interest  as  regards  malleability  combined  with  strength. 
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The  bronzes  of  a +8  constitution  are  hard  and  brittle  in  proportion 
to  their  8  content,  and  therefore,  with  similar  conditions  of  cooling, 
to  their  content  in  tin. 

Relation  between  the  Diagram  and  Treatment. — Mechanical 
treatment. — The  a  solid  solution  is  malleable  when  cold  but  not  when 
hot,  except  when  the  composition  approximates  to  pure  copper. 
The  8  solid  solution  is  brittle  ;  it  destroys  the  malleability  of  the 
alloy,  even  when  present  in  the  eutectoid  condition.  The  j8  solid 
solution  is  considerably  more  malleable.  It  may  therefore  be 
assumed  that  the  only  bronzes  suitable  for  cold-working  are  those 
containing  less  than  13  per  cent.  Sn,  and  that,  owing  to  their  hetero- 
geneity, the  bronzes  containing  over  10  per  cent.  Sn  can  only  be 
rolled  with  difficulty.  The  a +8  bronzes  cannot  be  cold-worked. 
If  great  precautions  are  taken  they  may  be  worked  hot  (gongs). 

Heat  Treatment. — Quenching. — The  a-f8  bronzes  are  affected  by 
quenching  (only  those  alloys  used  for  mechanical  purposes  will  be 
considered).  The  diagram  indicates  the  transformations  that  are 
brought  about  by  this  form  of  treatment,  the  quenching  temperature 
being  above  500°  C.  The  quenching  effect  is  only  partial  for  those 
alloys  that  have  an  a-\-^  constitution  at  high  temperature. 

The  ^  constituent  is  obtained  by  quenching,  and  appears  either 
homogeneous  (Fig.  443,  PI.  LXXXI.)  or  with  an  acicular  or  needle- 
shaped  appearance  (Fig.  453,  PI.  LXXXIIL),  somewhat  similar  to 
martensite  in  steels.  On  tempering,  the  a  constituent  separates 
from  the  j3  solution  in  the  form  of  oriented  needles.  1 

The  modifications  of  the  mechanical  properties  produced  by 
quenching  are  usually  as  follows  :  there  is  an  increase  in  the  ultimate 
strength  and  frequently  in  the  malleability  of  the  alloy,  but  in 
some  instances  the  increase  in  malleability  may  be  attributed  to  the 
decrease  in  brittleness,  permitting  a  more  even  fracture  of  the  tensile 
test-piece.  Several  typical  results  obtained  by  one  of  the  authors  2 
during  some  research  on  quenched  bronzes  are  given  in  the  following 
table  (the  figures  were  obtained  from  a  bronze  containing  20  per 
cent.  Sn)  : 


Condition. 

Ult.  strength 
(tons  sq.  in.). 

E 
(tons  sq.  in.). 

Percentage 
elongation. 

Unquenched 

Quenched  from  500° 
„      600° 
„      700° 
„      750°        .. 
„      800°       .. 

15-21 
13-69 
17-67 
17-67 
19-25 
16-03 

8-64 
? 

5-30 
656 

? 

5-30 

3 

3 

10 

13 

19 

9 

^  A  similar  effect  is  observed  by  annealing  quenched  brasses  (ref.  Portevin, 
C.  R.,  158,  1174,  1914). 

-  Guillct,  "  Etude  industrielle  des  alliages  metalliques,"  vol.  ii.  p.  494,  Dunod 
and   Pinat. 
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BRONZES. 

(Heycock  &  Nkville. 


(Cn  =  92-S:  Sn  =  7-2.) 

Fig.  438.— Chilled  from  800^  C.     Homogeneous 
a  solution. 

Etchant :  Bromine  in  hydrochloric  acid. 
(X  45.) 


(Cu  =  96-3  ;  Sn  =  37.) 

Fig.  439.— Chilled  from  1025°  C. 
Primary  a  crystals,  dark. 

Etchant :  Acid  ferric  chloride. 
(X  45.) 


(Cu=96-3;  Sn=3-7.) 

Fig.  440. — Copper  tin  alloy. 
Chilled  from  957°  C.  (a  +  liquid). 

Etchant :  Acid  ferric  chloride. 
(XlO.) 


(Cu  =  84-4  ;  Sn  =  15-6.) 

Fig.  441. — Copper  tin  alloy. 

Chilled  from  470°  C. 

o  dark  ;  eutectoid,  light. 

Etchant :  Acid  ferric  chloride. 
(Xl8.) 
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BRONZES  (cont.). 


,  WW 


(Cu  =  84-4;  Sn=15-6.) 

Fig.  442. — Copper  tin  alloy. 

Chilled  from  470°  C. 

Dark    primary   a    crystals   surrounded    by   a 

border  of  white  5  in  a  ground  mass  of  black 

eutectoid  (a  +  S). 

( X  280.) 

(Heycock  &  Neville.) 


(Cu  =  84-4;  Sn  =  15-6.) 

Fig.  443. — Copper  tin  alloy. 

Chilled  from  546°  C. 

Dark  secondary  y3  separated  from  the  half-ton( 

areas  of  o  by  a  white  border  of  5. 

(X  280.) 

(Heycock  &  Neville.) 


Etchant :  Acid  ferric  chloride. 


(Cu  =  84-4  :  Sn  =  15-6.) 

Fig.  444.— Chilled  from  880°  C. 
a  surrounded  by  rapidly  chilled  liquid. 

Etchant :  Acid  ferric  chloride. 

(X  120.) 

(Heycock  &  Neville.) 


(Cu  =  83-6;  Sn=  16-4.) 

Fig.  445. — Ordinary  bronze. 

Chill  cast :  As  cast. 

Dendrites  of  a. 

Etchant :  Acid  ferric  chloride. 
(X  57.) 
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BRONZES  {cont. 


(Cu=79-7;  Sn=  20-3.) 

Fig.  446. — Ordinary  bronze. 

Chill  cast  :    As  cast. 

Dendrites  of  a  outlining  several  crystals 

Etchant ;  Acid  ferric  chloride. 
(X57.) 


(Cu  =  79-7  ;  Sn  =  20-3.) 

Fig.  447. — Ordinary  bronze. 
Dark  dendrites  of  a  ;  light  eutectoid. 

Etchant :  Acid  ferric  chloride. 
( X  57.) 
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(Cu  =  79-7;  Sn=20-3.) 

Fig.  448. — Ordinary  bronze. 

Sand  cast :    As  cast. 

a  and  eutecteid  5. 

Etchant :  Acid  ferric  chloride. 
( X  200.) 


(Cu  =  79-7  ;  Sn  =  20-8.) 

Fig.  449. — Ordinary  bronze. 

Sand  cast :    As  cast. 

a  and  eutectoid  5. 


Etchant 


Acid  ferric  chloride. 
(X  530.) 
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BRONZES  (conL). 
(Heycock  &  Neville.) 

Etchant :  Acid  ferric  chloride. 


(Cu  =  77-5;  Sn  =  22-5.) 

Fig.  450.— Chilled  from  558°  C. 

Separation  of  a  crystals  (white)  from 

uniform  ;8  solution. 

(Xl8.) 


(Gu  =  76-7  ;  Sn  =  23-3.)      , 

Fig.  451.— Chilled  from  470°  C. 

Dark  a,  complex  light  eutectoid. 

(X  18.) 


(Cu  =  76-7  ;  Sn  =  23-3.) 

Fig.  452.— Chilled  from  530°  C. 

iNcAvly-formed  light  a  in  dark  uniform  ^3. 

{X18.) 


(Cu  =  76-7  :  Sn  =  23-3.) 

Fig.  453.— Chilled  from  675°  C. 

Incipient  decomposition  of  uniform  0  solutio 

showing  striations. 

(X  18.) 
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BRONZES  (cont.). 
(Heycock  &  Neville.) 


Etchant :  Acid  ferric  chloride. 


'f't  .^ 


(Cu  =  74-5;  Sn  =  25-5.) 

Pig.  454.— ChiUed  from  750°  C. 

Dark  primary  crvstals  of  $. 

( X  44.") 


(Cu  =  72-35;  Sn  =  27-65.) 

Fig.  455.— ChiUed  from  450°  C. 

White  5  in  a  complex  eutectoid. 

(X  250.) 


(Cu  =  72-35  ;  Sn  =  2765.) 

Fig.  456.— Chilled  from  731°  C. 

Dark  primary  ;3  in  a  tin  rich  matrix. 

(Xl8.) 


(Cu  =  64-85;  Sn  =  33-15.) 

Fig.  457.— ChiUed  from  590°  C. 

Dark  rj  (CugSn),  white  5. 

(X45.) 
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BRONZES  {cont.). 
(Heycock  &  Neville.) 


Etchant:  Acid  ferric  chloride. 


{Cu=52-1;  Sn  =  47-9.) 

Fig.  458.— Chilled  from  676°  C. 

Primary  7. 

( X  45.) 


(Cu  =  46-65;  Sn  =  53-35.) 

Fig.  459.— Primary  tj  (CusSn). 

After  annealing  at  445°  C.  for  70  hours. 

(X  45.) 


(Cu=42-5;  Sn  =  57-5.) 

Fig.  460.— Chilled  from  600°  C. 

Primary  17  (Cu-,Sn). 

(Xl8.) 


{Cu  =  8-7;  Sn  =  91-3,) 

Fig.  461.— Annealed  for  21  days  at  350°  C. 

Two  types  of  (  crystals  in  a  eutectic. 

(X  45.) 
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BRONZES  (conf.). 


(Cu  =  30;  Sn=70.) 

Fig,  462. — Slowly  cooled. 

Etchant :  Hydrochloric  acid. 

( X  200.) 


(Cu  =  82  ;  Sn  =  18  ;  Pb  =  trace.) 

Fig.  463. — Phosphor  bronze. 

Etchant :  Ammoniacal  copper  solution. 
(X  200.) 


(Cu  =  80-1  ;  Sn  =  9-5  ;  Pb  =  10  :  Zn  =  0-9.) 

Fig.  464. — Lead  bronze. 
Black  particles  of  lead. 

Etchanti:  Ammoniacal  copper  solution. 
(X  100.) 
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ALUMINIUM    BRONZES. 


Etchant :  Acid  ferric  chloride. 


(Cu  =  90'8;  Al  =  9-2.) 

Fig.  468.— Annealed  for  4  hours  at  800°  G. 
Polyhedral  a,  bands  of  /3. 


(Ch  =  89-5  :  Al  =  10-5.) 

Fig.  469.— a  +  ;8. 
(X  100.) 


(Cu  =  90-2  ;  Al  =  9-8.) 

Fig.  470.— Light  a,  dark  ^. 
( X  100.) 


(Cu  =  90'2;  Al  =  9-8.) 

Fig.  471. — o  solid  solution  and  eutectoid 
( X  200.) 
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Annealing. — It  has  already  been  shown  that  annealing  renders 
the  a  solid  solution  homogeneous  (Figs.  107,  108,  PL  XIII.  cant.), 
produces  a  polygonal  structure,  and,  where  required,  as  in  alloys 
bordering  on  the  a  -{-  8  area,  causes  the  disappearance  of  8,  the 
presence  of  which  denotes  that  the  aUoy  is  not  in  equilibrium. 

Under  these  circumstances  annealing  softens  the  metal  and 
increases  the  elongation. 

Annealing  is  also  useful  in  the  case  of  the  a+S  alloys,  rendering 
the  distribution  of  the  8  constituent  more  uniform,  and  thereby 
improving  the  frictional  qualities  of  the  alloy.  The  annealing  of 
cold-worked  material  produces  effects  analogous  to  those  described  in 
the  case  of  the  brass  a  solid  solution.  1 

Relation  between  the  Diagram  and  the  Industrial  Uses. — The  a 
solid  solution  being  very  ductile,  alloys  of  this  constitution  are 
widely  used  for  medals  and  coinage  (Cu=9o  to  96  per  cent.,  frequently 
with  I  per  cent.  zinc). 

When  aUoys  possessing  the  maximum  strength  and  minimum 
brittleness  are  required,  the  composition  usually  closely  approaches 
that  at  which  the  8  constituent  first  makes  its  appearance  ;  gun- 
metal,  formerly  used  for  ordnance,  contained  10  per  cent.  tin. 
Frequently  gun-metal  for  machining  purposes  is  used  in  the  form 
of  round  rolled  bar  containing  88-92  per  cent,  copper,  the  metal  in 
this  condition  possessing  superior  qualities  to  the  cast  state.  The 
comparative  figures  are  given  : 

Cast  state,  aUoy  containing  8  per  cent.  Sn  : — 

Ult.  St.  =14-5  tons  E=5"05  tons         Percentage  elongation=io 

Rolled  and  annealed,  the  same  alloy  gave  : — 
Ult.  St.  =24-0  tons  £=9-5  tons  Percentage  elongation =67 

Various  articles,  notably  gear  wheels,  require  certain  anti- 
frictional  qualities  (resistance  to  wear)  combined  with  comparatively 
high  strength.  The  alloys  containing  mostly  a  with  a  httle  8  satisfy 
these  requirements,  the  composition  of  such  alloys  being  87-90  per 
cent.  Cu. 

Articles  subject  to  frictional  loads,  bearings,  bushes,  etc.,  derive 
their  good  qualities  from  the  presence  of  the  5  constituent.  The 
pressure  at  which  they  will  work  satisfactorily  is  dependent,  other 
conditions  being  equal,  on  their  8  content,  and  therefore  on  the 
amount  of  tin  they  contain ;  but  the  brittleness  and  the  working 
difficulties  increase  with  the  8  content.  The  bearing  bronzes  are 
therefore  divided  into  several  classes,  according  to  the  loads  to  be 
supported  ;   very  hard  containing  78-82  per  cent.  Cu,  hard  bearing 

^  A  research  on  the  results  to  be  obtained  by  anneahng  a  bronze  containing 
6  per  cent.  Sn  after  cold-work  has  been  carried  out  by  Goerens  and  Dumont  {Rev. 
de  Met.,  vol.  xi.  cont.,  p.  30,  1914). 


234  METALLOGRAPHY 

bronzes  containing  82-84  P^r  cent.  Cu,  and  soft  bronzes  containing 
84-88  per  cent.  Cu.  As  regards  wearing  qualities,  the  experiments 
of  Nusbaumer  and  one  of  the  authors  1  have  shown  that  these  increase 
in  proportion  to  the  amount  of  8  present  in  the  alloy. 

Bell-metal  used  for  church  bells,  etc.,  owes  its  sonorous  qualities 
to  the  8  constituent  or  CusSn  present ;  it  contains  at  most  80  per 
cent.  Cu,  and  frequently  only  50-60  per  cent.  Cu. 

The  ancient  mirror  bronzes  also  owed  their  hardness  and  high 
polish  to  the  presence  of  CusSn  ;  they  contained  approximately 
65  per  cent.  Cu. 

4.  Special  Bronzes 

The  theory  given  in  the  case  of  the  special  brasses  is  equally 
applicable  to  the  special  bronzes,  but  has  not  been  so  thoroughly 
investigated  for  these  alloys.  The  principal  classes  of  these  alloys 
will  be  described. 

Zinc  Bronzes 

Zinc  is  very  frequently  added  to  a  copper-tin  alloy.  Such 
additions  are  made  for  various  reasons :  to  decrease  the  cost ; 
facilitate  melting,  since  the  liquidus  is  lower.  But  in  certain 
instances  the  presence  of  zinc  is  harmful  to  the  mechanical  properties. 

One  of  the  authors  has  shown,  with  Revillon,^  that  zinc  adds  its 
effect  to  copper  as  regards  the  constitution  of  an  alloy.  Thus  the 
bronzes  of  compositions  : 

Cu  =  90     and     Sn  =  10 
Cu  =  86         Sn  =  10         Zn  =  4 

have  similar  microstructures. 

Therefore  the  addition  of  zinc  to  a  bronze  produces  the  following 
effects  :  decreases  the  8  constituent  and  increases  the  amount  of 
a  constituent. 

Thus  it  will  diminish  the  strength  and  anti-f  rictional  qualities  and 
will  increase,  to  a  certain  extent,  the  elongation  and  the  possibility 
of  cold-working  the  material. 

The  quantity  of  zinc  in  commercial  bronzes  may  be  as  great 
as  8-10  per  cent.  zinc. 

Lead  Bronzes — Plastic  Bronzes 

The  addition  of  lead  to  a  bronze  serves  a  double  purpose — it  gives 
a  more  easily  worked  alloy,  as  with  the  brasses,  and  improves  the 
anti-f  rictional  qualities  (wear).  This  is  owing  to  the  fact  that  it 
remains  in  the  isolated  state  in  the  alloy. 

Lead  is  but  very  slightly  soluble  in  the  a  solution  ;    it  remains 

1  Portevin  et  Nusbaumer,  Rev.  de  Met.,  vol.  ix.  p.  61,  1912. 
*  Guillet  and  Revillon,  Rev.  de  Met.,  vol.  vii.  p.  429,  1910. 
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isolated  in  the  form  of  minute  globules  scattered  more  or  less  uni- 
formly throughout  the  mass. 

Formerly  the  lead  content  of  bronzes  rarely  exceeded  8-10  per 
cent.  lead.  In  modern  practice  alloys  of  approximately  the  following 
composition  are  in  general  use  : 

Cu  =  64  Pb=3o  Sn  =  5  Ni  =  i 
The  object  of  the  i  per  cent.  Ni  is  to  facilitate  the  uniform 
distribution  of  the  lead  throughout  the  mass.  The  effect  of  the 
nickel  does  not  appear  to  be  definitely  proved,  and  the  homogeneity 
of  the  alloy  would  seem  to  be  much  more  dependent  on  the  casting 
conditions.  Microscopical  examination  after  simple  polishing  shows 
the  lead  as  minute  globules  or  plates,  as  in  the  brasses  (Fig.  464, 
PI.  LXXXVL,  p.233). 

Phosphor  Bronzes 

The  phosphor  bronzes  must  be  classified  into  two  classes  :  those 
which  after  manufacture  only  contain  traces  of  phosphorus  (less 
than  o'oi  per  cent.  P),  and  those  containing  appreciable  quantities 
ranging  from  001  to  o"3  per  cent,  phosphorus. 

In  the  first  case,  the  phosphorus  merely  serves  as  a  deoxidising 
agent.  It  has  been  shown  that  copper  oxidises  during  melting  and 
that  it  dissolves  the  oxide,  CU2O,  in  the  molten  state.  This  oxide 
is  not  soluble  in  solid  copper,  and  therefore  exists  as  a  form  of  slag 
(see  p.  204).  In  bronzes,  according  to  Heyn  and  Bauer,  it  forms 
tin  oxide,  Sn02.  Phosphorus,  added  in  the  form  of  phosphor- 
copper  or  phosphor-tin  containing  10  per  cent,  or  15  per  cent, 
phosphorus,  reduces  the  oxide  present,  CU2O  or  SnOo,  and  forms 
a  phosphate  which  separates  easily  in  the  form  of  slag. 

Prepared  in  this  manner,  the  metal  possesses  greatly  improved 
properties,  the  elongation  and  elasticity  (impact  figure)  being 
particularly  improved. 

In  bronzes  containing  small  quantities  of  phosphorus,  the 
phosphorus  forms  a  separate  constituent ;  it  will  be  found  in  the 
a  -|-5  eutectoid  in  the  form  of  CU3P,  It  increases  the  hardness,  but 
at  the  same  time  increases  the  brittleness  (Fig.  463,  PI.  LXXXVL). 

5.  Copper- Aluminium  Alloys 

The  copper-aluminium  series  includes  two  types  of  alloys  of 
commercial  interest : 

I.  The  alloys  rich  in  copper  known  as  aluminium  bronzes,  and 
which,  in  many  respects,  resemble  the  brasses  ;  they  contain  above 
88  per  cent.  Cu. 

Between  88  per  cent.  Cu  and  20  per  cent.  Cu  (approximate)  the 
alloys  are  extremely  brittle. 
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2.  The  alloys  rich  in  aluminium,  utilised  because  of  their  low 
density  ;   they  contain  above  90  per  cent,  aluminium. 

The  two  extreme  limits  of  the  Cu-Al  diagram  will  therefore  be 
considered. 

Diagram. — Copper  rich  section. — Liquidus. — At  the  copper  end 
the  liquidus  is  formed  of  an  inclined  but  almost  straight  line, 
AB,  commencing  from  the  melting  point  of  copper,  and  by  a  curve 
BCD  showing  a  maximum  at  the  point  C.  The  a  solid  solution  is 
deposited  along  AB  ;   another  solid  solution,  ^8,  along  BCD. 

Solidiis. — The  corresponding  solidus  consists  of  an  inclined, 
practically  straight  section  Aa,  along  which  the  solidification  of  the 
a  solution  is  completed,  an  horizontal  oB,  and  two  sections  of  curves 
BC  and  CD,  touching  the  maximum  C,  and  nearly  coinciding  with 
the  liquidus.  Therefore  the  point  C  corresponds  to  a  compound  or 
else  to  the  compound  CU3AI  entering  into  solid  solution. 

There  is  not,  correctly  speaking,  a  eutectic  at  the  point  B,  since 
the  eutectic  horizontal  only  exists  on  one  side  of  this  point. 

Transformation  Lines. — The  ^  solid  solution,  the  limits  of  com- 
position of  which  vary  with  the  temperature,  undergoes  changes 
on  cooling,  liberating  a  along  Bw^  and  7  along 
Dm,  the  point  m  corresponding  to  the  eutectoid 
a+y  at  a  temperature  of  575°  C. 

Constituents  (Pis.  LXXXVIL  [p.  233]  to 
XC.  [p.  238]). — It  will  be  observed  that  at 
ordinary  temperature  the  alloys  rich  in  copper 
are  of  the  following  constitution  : 

1.  Between  100  per  cent,  and  92*5  per  cent. 
Cu  :  a  solid  solution. 

2.  Between  92-5  per  cent,  and  86  per  cent. 
Cu  :  a  solid  solution  and  y  solid  solution  and 
their  eutectoid,  frequently  termed  ^,  which  is 
present  in  proportions  corresponding  to  the 
copper  content.  Comparison  may  be  made 
with  the  copper-zinc  diagram.  In  this  case 
the  eutectoid  is  clearly  visible  under  the 
microscope,  which  is  the  opposite  to  what  has 
been  found  with  the  brasses. 

The  same  etchants  may  be  used  for  these 

Fig.    466. — -Section     of      „  ,     1   c       ,^       ^ 

copper  -  aluminium  alloys  as  wcrc  Suggested  for  the  brasses, 
diagram  (copper-rich         jYi(i  ^  constituent  when  viewed  under  the 

section).  .  ,  .  .  ^  i  i 

microscope  without  etching  is  of  a  golden 
yellow  colour.  It  is  slightly  coloured  by  ferric  chloride,  and 
after  etching  appears  of  various  shades  tending  towards  reddish- 
yellow. 

The   a-\ry  eutectoid  may   be   clearly  resolved   when  the   alloy 
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has  been  slowly  cooled  (Figs.  480,  481,  PI.  XC);  it  then  appears, 
as  stated  by  one  of  the  authors,  ^  either  in  the  lamellar  form  re- 
sembling pearlite  in  steels  or  with  a  reticular  distribution. 

The  y  constituent  is  coloured  brown  by  prolonged  etching  with 
acid  ferric  chloride  in  aqueous  or  alcoholic  solution,  and  appears  as 
areas  of  regular  outline  in  cast  alloys  (Fig.  482,  PI.  XC). 

According  to  the  temperature  and  conditions  of  quenching,  the 
quenched  alloys  show  a  partial  or  complete  martensitic  or  acicular 
structure,  which  probably  bears  a  similar  relation  to  the  ^  constituent 
as  martensite  bears  to  the  solid  solution  (y  iron-carbon)  (Figs.  476, 
478,  PL  LXXXIX.,  p.  238). 

Aluminium-Rich  Section. — Liquidus. — Starting  from  pure  alu- 
minium, the  liquidus  consists  of  a  curve  GF  corresponding  to 
the  separation  of  a  solid  solution  17,  and  another  branch  FE  more 
nearly  horizontal  along  which  the  compound  AI2CU  solidifies.  The 
eutectic  point  F  corresponds  to  a  temperature  of  540°  C.  and  a 
copper  content  of  33  per  cent.  Cu,  the  point  E  corresponds  to  the 
compound  AUCu,  and  the  curve  at  this  point  is  tangential  to  the 
horizontal. 

Solidus. — This  consists  of  a  curve  G^  and  a  horizontal  eg  passing 
through  the  point  F.  Therefore  the  point  F  corresponds  to  the 
eutectic  point  of  the  solution  7]  and  the  compound  AI2CU. 

Transformation    Lines.— The  area   corresponding    to    the  17  solid 
solution   is  outlined   by  the 
curve     ggi.      These     alloys 
show  no  transformations. 

Constituents  (PI.  XCL.). — 
At  atmospheric  temperature 
the  alloys  containing  o  per 
cent,  to  II  per  cent.  Cu  con- 
sist of  a  single  solid  solution  ; 
those  containing  between  11 

,  ,        .  Fig.  467. — Copper-aluminium  diagraan 

per  cent,  and  53  per  cent,  of  (aluminium-rich  alloys), 

copper  of  this  solid  solution 

and  the  compound  AI2CU  together  with  the  eutectic  of  these  two 
constituents  (Figs.  483-485,  PI.  XCL,  p.  239). 

The  best  etchant  for  these  alloys  is  dilute  potassium  hydrate, 
as  described  in  Chap.  I. 

The  7]  solid  solution  shows  very  Httle  heterogeneity.  The  com- 
pound AI2CU  appears  as  clearly  defined  crystals. 

Relation  between  the  Diagram  and  the  Mechanical  Properties  at 
Ordinary  Temperatures — Copper-rich  Alloys. — The  curves  (Fig.  487) 
show  the  ultimate  strength,  the  elastic  limit,  and  the  percentage 
elongation  of  rolled  and  annealed  alloys. 

^  Portevin,  Inter.  Zeit.juv  Met.,  vol.  x.  p.  948,  1913. 
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It  will  be  observed  that  the  ultimate  strength  and  the  elastic 
limit  increase  in  proportion  to  the  aluminium  content,  whereas  the 

elongation      reaches      a 

Mechanical  properties  of  AI  -bronzes 
rolled  &  annealed. 


Tl 


A  7 


45 


maximum  at  a  composi- 
tion which  approximately 
corresponds  to  the  ap- 
pearance of  eutectoid. 
When  over  lo  per  cent. 
Al  is  present  the  alloys 
become  brittle,  owing  to 
the  presence  of  free  y 
solution. 

Thus  the  a  solid  solu- 
tion is  more  malleable 
and  stronger  the  greater 
the  aluminium  content, 
and  in  this  respect  differs 
from  the  a  solution  of 
the  copper-zinc  series, 
which  possesses  a  maxi- 
mum malleability  with 
70  per  cent.  Cu  ;  the  y 
solution    causes    brittle- 

ness,  and  when  it  is  present  in  the  free  state  the  alloys  are  brittle. 
Alloys  Rich  in  Ahiminium. — The  7]  solid  solution  is  malleable 

and  greatly  resembles  aluminium.     However,  whereas  the  ultimate 

strength  is  increased,  the  elongation  is  decreased. 

The  following  figures  are  typical  for  rolled  and  annealed  material : 
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Fig.  487. 


Ult.  strength 

Percentage  elongation. 

Aluminium  99-5  per  cent. 

7-6  tons 

31 

Aluminium  cont.  3  per  cent.  Cu 

12-3  tons 

12 

Aluminium  cont.  6  per  cent.  Cu 

12-6  tons 

ID 

On  the  appearance  of  the  compound  ALCu,  the  hardness  and 
brittleness  increase,  even  when  the  AI2CU  is  present  in  the  eutectoid. 

Relation  between  the  Diagram  and  Treatment. — Mechanical  Treat- 
ment— Copper-rich  Alloys. — ^The  malleable  a  solid  solution  may  be 
rolled  both  hot  and  cold. 

The  jS  solid  solution,  stable  at  high  temperature,  can  be  forged, 
whereas  the  presence  of  the  brittle  y  solid  solution  renders  rolling 
impossible. 

It  follows  that  it  is  possible  to  roll,  both  hot  and  cold,  all  alloys 
containing  over  92  per  cent.  Cu,  and  that  alloys  containing  between 
88  per  cent,  and  92  per  cent.  Cu  may  be  hot-rolled  at  a  temperature 
above  550°  C.  but  below  the  solidus  (approximately  1050°  C). 

It  will  be  observed  that,  owing  to  the  position  of  the  solidus. 
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Etchant :  Acid  ferric  chloride. 

(Cu  =  90-2;  Al  =  9-8.) 


<mw 


Fig.  472.— Chilled  from  750""  C. 

Light  a  +  dark  /8. 
( X  50. ) 


Fig.  473.— Chilled  from  600°  C. 

Showing  secondary  a  due  to  the  decomposition 

of  0. 

(X  200.) 


Fig.  474.— Chilled  from  900°  C. 

$  constituent  with  still  a  little  a. 
(X  50.) 


Fig.  475.— Chilled  from  950°  C. 

Nearly  pure  /8. 
(X  200.) 
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(Cu  =  88-1;  Al=ll-9.) 

Fig.  476.— Chilled  from  750°  C. 
Martensitic  structure. 

Etchant :  Ammoniacal  copper  solution. 
( X  200.) 


Fig.  477.— Chilled  from  600°  C.  and 
reheated  to  300°  C. 

Etchant :  Acid  ferric  chloride. 
(X  200.) 


(Cu  =  90 ;  Al  =  100. ) 

Fig.  478.— Chilled  from  900°  C. 

Etchant :  Acid  ferric  chloride. 

( X  200.) 


(Cu  =  90  ;   Al  =  10.) 

Fig.  479.— Chilled  from  900°  C.  and 

;  reheated  to  600°  C. 

Etchant :  Acid  ferric  chloride. 

(X  200.) 


xc. 


ALUMINIUM    BRONZES  {cont.) 


Ji^ 


IG.  480. — Lameller  eutectoid  iu  an  aluminium 
bronze  slowly  cooled. 

Etchant :  Acid  ferric  chloride  in  alcohol. 
( X  900.) 


Fig.  481. — Pure  eutectoid. 

Etchant :  Acid  ferric  chloride  in  alcohol. 
(X  580.) 


Fig.  482. — Hypereutectoid  copper-aluminium. 
Alloy  slowly  cooled,  black  y  and  resolved  13  eutectoid. 

Etchant :  Acid  ferric  chloride  in  alcohol. 
(X  60.) 
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Etchant :  Hydrochloric  acid  (dilute). 


(Al  =  65;  Cu  =  35.) 

Fig.  483. — Constituent  tj  +  eutectic 

(77  +  Al.,Cu). 

(X  50.) 


(Al=  60;  Cu  =  40.) 

Fig.  484.  —Constituent  Al.Xu  +  eutectic 
(r,  +  Al.,Cu). 
( X  200.) 


(Al  =  9a;   Cu  =  5.) 

Pig.  485. — Constituent  tj  -f  a  small  amount 

of  eutectic. 

( X  100.) 


(Cu='J0-2;  Al=  9-8.) 

Fig.  486.— Chilled  from  600°  (' 

Primary  and  secondary  a  +  /8- 

(X  50.) 
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the  range  of  temperature  suitable  for  hot-working  is  very  much 
greater  than  in  the  case  of  brass.  This  is  of  importance  in  the 
commercial  manufacture  of  these  alloys. 

Ahiminium-rich  alloys. — The  alloys  consisting  of  the  17  solid 
solution  may  be  treated  in  a  similar  manner  to  aluminium,  but 
the  presence  of  the  compound  ALCu  renders  the  metal  unworkable. 

Heat  Treatment. — Copper-rich  Alloys — Quenching. — The  diagram 
indicates  that  quenching  is  applicable  to  alloys  containing  92  per  cent. 
to  88  per  cent.  Cu  and  defines  the  quenching  temperature. 

When  such  an  alloy  is  submitted  to  a  series  of  quenchings  at 
increasing  temperatures  above  the  transformation  temperature, 
needles  at  first  appear  in  the  eutectoid  ;  these  needles  then  spread 
more  and  more  over  the  surface  of  the  specimen  until  finally  there 
is  found  a  very  clearly  defined  martensitic  structure  (Figs.  476,  478, 
PI.  LXXXIX.). 

If  such  a  quenched  aluminium  bronze  is  tempered,  analogous 
results  wiU  be  obtained  to  those  described  for  steels ;  it  must,  however, 
be  observed,  as  shown  by  Arnou  and  one  of  the  authors,  1  that  the 
separation  of  the  pro-eutectoid  a  constituent  occurs  in  the  form 
of  needles  producing  a  Widmanstaetten  structure  (Fig.  479, 
PI.  LXXXIX.). 

Quenching,  producing  the  martensitic  structure,  gives,  as  in 
the  case  of  steel,  increased  ultimate  strength  and  elastic  limit, 
but  decreases,  the  elongation  and  impact  figure. 

Example  :    AUoy  composition  :    Cu=89i,  Al=:io-i : 

As  cast 

Quenched  from  750°  C. 

Quenched  from  850'  C. 

Annealing. — Annealing  gives  similar  results  to  those  obtained 
with  the  brasses.  It  renders  the  cast  a  solid  solution  homogeneous 
and  thereby  gives  improved  mechanical  properties  to  the  material, 
notably  an  increase  in  elongation.  But,  and  this  is  a  distinct 
difference,  commercial  annealing  brings  about  the  resolution  of  the 
eutectoid  with  the  aluminium  bronzes,  and  this  does  not  occur  with 
the  brasses.     The  effect  of  tempering  has  been  described. 

Aluminium-rich  Alloys. — These  alloys  are  not  quenched,  but 
those  alloys  bordering  on  the  limits  of  the  t]  solid  solution  area  are 
slightly  altered  by  quenching,  and  the  elongation  is  slightly  increased 
owing  to  the  disappearance  of  the  AI2CU. 

Annealing  renders  the  t]  solution  more  uniform,  but  it  is 
practically  homogeneous  after  simple  casting. 

Relation  between  the  Diagram  and  the  Industrial  Uses. — The  alloys 
rich  in  copper  consisting  of  a  single  solid  solution  are  extremely 
malleable  and  may  be  used  for  stampings,  etc.     It  should  be  noted 

^  Portevin  and  Arnou,  C.  R.,  cliv.,  1912. 


Ult.  strength. 

Percentage  elongation. 

1575  tons 

20*0 

21-39  tons 

17-5 

22*27  ■to'^s 

7-0 
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that  the  colour  of  these  alloys,  reddish  yellow  with  the  lower 
aluminium  contents,  becomes  greenish  yellow  with  8  per  cent, 
aluminium.  The  alloys  consisting  of  a  solution  and  eutectoid  are 
of  golden  colour  ;  they  possess  very  remarkable  mechanical  pro- 
perties and  are  extremely  resistant  to  chemical  corrosion. 

The  most  usual  type  of  alloy  :  Cu=9o,  Al=io,  discovered  by 
Henry  Saint e-Claire  Deville  and  known  under  his  name,  is  used  for 
the  manufacture  of  knives  and  forks,  plates  and  dishes,  cheap 
jewellery,  pump  rods,  valve  spindles,  certain  types  of  springs,  etc. 

Undoubtedly  this  alloy  will  be  more  widely  used  for  engineering 
purposes  in  the  future.  The  alloys  rich  in  aluminium,  consisting  of 
the  7]  solid  solution,  may  often  be  substituted  for  aluminium  with 
advantage,  and  in  most  instances,  without  appreciably  increasing 
the  density.  However,  it  should  be  observed  that  these  alloys  are 
rather  more  readily  attacked  by  moist  air  than  commercially  pure 
aluminium.! 


6.  Cupro-Nickel  Alloys,  Nickel  Silvers  (Cu-Ni-Zn) 

Alloys  oJ  Copper  and  Nickel. — These  alloys  are  known  as  cupro- 
nickels. 

Diagram. — The  liquidus  L  consists  of  a  single  curved  section  AB, 
the  solidus  S  is  of  similar  form.  The  copper-nickel  alloys  are  there- 
fore entirely  miscible  and  form  one  series  of  solid  solutions  (Fig.  488) . 

The  only  transformation  points  are  the  magnetic  transformations 
which  are  shown  on  an  enlarged  scale  by  CD  and  CD'.  It  will  be 
observed  that  the  only  magnetic  alloys  at  ordinary  temperatures 
are  those  containing  above  58  per  cent,  nickel  (Fig.  488).  The 
separation  of  the  curves  indicates  the  hysteresis. 

Other  Physical  Properties. — The  electrical  conductivity  curve 
MPQ  (Fig.  488)  is  additional  proof  of  the  existence  of  a  single  solid 
solution. 

^  The  special  aluminium-bronzes  ought  next  to  be  considered,  but  the  examination 
of  these  series  of  alloys  is  not  sufficiently  advanced  to  be  considered  on  the  equivalent 
coefficient  basis.  However,  it  is  necessary  to  mention  the  remarkable  work  of 
Carpenter  and  Edwards  {Inter.  Zeit.  Metall.,  vol.  ii.  p.  209,  1912,  and  Rev.  de  Met., 
vol.  X.  p.  427,  1913),  which  has  traced  out  the  diagram  of  the  Al-Cu-Sn  system,  and 
several  microscopical  observations  of  Robin,  on  various  special  aluminium  bronzes. 
One  of  the  authors  has  shown  (Guillet,  Comptes  rendus  de  I'Academie  des  Sciences) 
that  nickel  gives  an  apparent  content  which  is  considerably  higher  than  the  real 
content.  The  aluminium  bronzes  containing  iron  may  be  examined,  as  they  exhibit 
very  remarkable  mechanical  properties.  The  figures  for  these  alloys  are  in  the 
cast  condition  : 


Composition. 

U!t.  strength. 

K. 

Percentage 
elongation. 

Percentage 

reduction  of 

area. 

9-16  per  cent.  Al-|-3-2  per  cent.  Fe 
5-47  per  cent.  Al-i-3-6  per  cent.  Fe 

38  tons 
32-4  tons 

177 
II-9 

25 

28 

27-0 
31-7 

Refer  also  to  the  work  of   Read  and  Greaves  on  the  Cu-Al-Ni  alloys  {Inst,  of 
Metals,  March,  191 3). 
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Constituents  (PI,  XCIL). — The  single  solid  solution  appears  very 
heterogeneous  in  the  cast  state  and  might  be  mistaken  for  two 
constituents  (Fig.  490, 
PI.  XCIL).  After  an- 
nealing, it  is  homo- 
geneous and  possesses 
a  polygonal  structure. 

The  most  satis- 
factory etchants  are 
acid  ferric  chloride 
and  ammoniacal  copper 
solution. 

Relation  between  the 
Diagram  and  the  Me- 
chanical Properties  at 
Ordinary  Temperature. — 
According  to  the  dia- 
gram, the  properties 
should  be  represented 
by  a  continuous  curve 
showing  a  maximum 
value  (see  Chap.  III., 
p.  106).  Kurnakoff 
has     determined      the 

Brinell  hardness  numbers  (10  mm.  ball,  500  kilo,  load)  of  the  com- 
plete series  of  these  alloys  (with  2  per  cent.  Mn  to  permit  rolling). 
The  hardness  increases  from  pure  copper  to  the  aUoy  containing 
45-6  per  cent.  Ni  and  then  decreases  again  to  pure  nickel.  One 
of  the  authors  1  has  shown,  in  the  case  of  rolled  and  annealed  alloys 
of  varying  copper  content  between  95  per  cent,  and  70  per  cent.  Cu, 
that  the  ultimate  strength,  which  increases  slowly  at  the  commence- 
ment, reaches  16  tons  sq.  in.  with  30  per  cent,  nickel ;  whereas  the 
elastic  limit,  which  is  very  low  in  the  alloys  of  high  copper  content 
(i •25-1 -9  tons  up  to  20  per  cent.  Ni),  suddenly  increases  rapidly 
(14  tons  with  30  per  cent.  Ni).  The  elongation  drops  very  rapidly 
above  10  per  cent.  Ni. 

Relation  between  the  Diagram  and  Treatment. — Thermal  Treat- 
ment.— None  of  the  alloys  is  altered  by  quenching,  since  the  non- 
magnetic state  is  not  retained  by  quenching. 

Annealing  is  the  only  heat  treatment  of  any  importance  for 
cupro-nickel  alloys.  The  effect  of  such  treatment  on  cast  metal 
has  already  been  described — rendering  the  aUoy  homogeneous, 
producing  a  polygonal  structure,  the  size  of  which  is  dependent  on 
the  temperature  and  time  of  annealing  (see  analogous  examples 
1  Giiillet,  "  Etude  industrielle  des  alliages  metalliques, "  t.  ii.  p.  1908. 

R 


Fig.  488. — Copper-nickel  diagram  (Kurnakow  and 
Zemczuzny). 
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with  nickel-silvers,  Figs.  489,  491,  PI.  XCIL).  With  suitable  time 
and  temperature  of  annealing  there  is  a  distinct  improvement  in 
the  mechanical  properties  of  these  alloys  by  such  treatment. 

The  annealing  of  cold-worked  metal  produces  similar  results 
to  those  results  described  for  brasses. 

Relation  between  the  Diagram  and  Industrial  Uses. — The  use 
or  application  of  cupro-nickel  alloys  is  dependent  on  three  main 
factors  :    their  cost,  their  colour,  and  their  resistance  to  corrosion. 

The  white  colour  required  for  most  purposes  is  only  found  in 
alloys  containing  over  20  per  cent.  Ni.  At  this  composition  the 
elongation  is  already  reduced,  but  the  metal  remains  sufficiently 
malleable  for  most  purposes,  notably  stamping  and  machining 
(rifle-bullet  cases,  tubes,  etc.). 

Copper-Nickel-Zinc  Alloys 

These  alloys,  usually  termed  nickel-silvers  or  German-silvers, 
have  recently  been  systematically  examined.  ^ 

Only  the  alloys  in  commercial  use  will  be  described.  These 
alloys  usually  contain  :  Cu=6o-75  per  cent.,  Ni=io-25  per  cent., 
Zn =15-30  per  cent,  (also  lead  in  alloys  for  machining),  and  are  formed 
of  an  uninterrupted  series  of  solid  solutions.  They  are  malleable, 
and  when  of  high  copper  content  may  be  considered  in  a  similar 
manner  to  the  cupro-nickel  alloys  (PI.  XCIL,  Figs.  489,  491).  Re- 
crystallisation  of  the  cold- worked  metal  commences  at  300°  C. 
when  only  7  per  cent.  Ni  is  present,  but  not  until  600°  C.  when  the 
nickel  content  is  28-6  per  cent.  Ni  (Thomson). 

However,  a  distinct  difference  will  be  found  as  regards  mechanical 
treatment,  since  the  brittleness  at  high  temperature  continues  until 
very  near  the  solidus,  which  is  distinctly  different  to  the  case  of  the 
copper-nickel  alloys,  where,  it  is  true,  the  solidus  is  at  a  much  higher 
temperature. 

These  alloys  are  in  general  use  for  the  manufacture  of  various 
domestic  articles — spoons,  forks,  table  requisites,  etc.  They  are 
also  used  in  the  form  of  wire  for  electrical  resistances. 

The  following  reference  tables  show  the  resistance  at  0°  C.  in 
microhms  per  centimetre  cube  and  the  mean  temperature  coefficient 
between  0°  and  100°  C.  J 

Several  of  the  less  important  copper  alloys  have  been  purposely 
omitted,  as  they  do  not  come  within  the  scope  of  the  present 
volume.     These  are : 

The  copper-manganese  alloys,  used  for  stay  bolts  for  locomotive  1 
ftre-boxes,  and  as  additions  in  the  manufacture  of  bronzes  and  ! 
brasses.  -  ! 

1  Ref.  F.  C.  Thomson,  Jour.  Chcm.  Soc,  1914  ;    Insi.  of  Metals,  1916  and  1917- 
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CUPRO-NICKELS   AND    NICKEL-SILVERS. 


(Cu  =  58  ;  Zn  =  24  ;  Ni  =  18.) 

Fig.  489.^ — Nickel-silver  as  cast. 
Composition  for  castings. 

Etchant :  Ammoniacal  copper  solution. 
(X  50.) 


(Cu  =  75;  Ni  =  25.) 

Fig.  490. — Cupro-nickel  as  cast. 

Etchant  :  Ferric  chloride. 
(X  50.) 


(Cu  =  59-68  ;  Ni  =  18-59  :  Zn  =  20-82  ;  Fe  =  040  ;  Pb  =  0-81.) 


Etchant :  Ammoniacal  copper  solution. 
(XSO.) 
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BEARING   METALS. 


Etchant :  Dilute  hydrochloric  acid. 


Sn  =.11*G;;  Sb  =  15-50  ;  Pb  =  72-8  :  Zn  =  trace.) 

Fig.  498. — Bearing  metal. 
(X  50.) 


(Sn=14;  Pb=-76;  Sb  =  10.) 
Fig.  499. — Bearing  metal. 


Fig.  500.— Tin-antimony-lead  alloy. 

Crystals  of  Sb-Sn  surrounded  by.  a  binary 

eutectic. 

( X  200.) 


Fig.  501. — ^The  same  as  Fig.  500  under 

higber  magnification. 

(X  400.) 


BEARING   METALS  (conL). 


Etchant :   Dilute  hydrochloric  acid. 


(Su  =  12  ;   Sb  =  8  ;  Pb  =  80. 

Fig.  502. — Bearing  metal. 

(X  200.) 


311  =  82-23,;  Sb  =  13-6  :  Pb  =  0-77  ;  Cu  =  5-58.) 
Fig.  503.— Cubes  of  SbSn  compound|;  needles 
of   CuSn   compound   in   a  ground  mass    of 
eutectic. 

(X  50.) 


Fig.  504. — Commercial  bearing  metal. 

Cubes  of  SbSn  compound,  ground  mass  of 

lead  and  eutectic. 

( X  50.) 


PI.  xcv 


BEARING    METALS  {cont.). 


Etchant :  Dilute  hydrochloric  acid. 


(Sn  =  83  ;  Sb  =  5-5  :  Cu  =  11-5.) 

Fig.  505. — Bearing  metal  of  commerce. 
(X  50.) 


(Cu  =  5-55  ;   Sn  =  83-33  ;   Sb  =  ll'll. 

Fig.  50G. — ^Bearing  metal. 

(x200.) 


Fig.  507. — Effect  of  the  rate  of  cooling  on  the  structure  of  bearing  metals. 
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TABLE    I 

Resistivity  and  Mean  Temperature  Coefficients  (Georges  Matter 

AND  Swan) 


Metals. 

Microhms  per  cm. 
cube. 

Mean  temp.  coef. 
o°-ioo°  C. 

Platinum  (wire 

0  025945  cm.  diam.) 

10-950 

0-003529 

Gold 

2-197 

000377 

Palladium 

10-219 

000354 

Silver 

1-468 

000400 

Copper 

1-561 

0-00428 

Aluminium  99  0  per  cent. 

2  563 

0-00423 

,,          corr 

imercial  (gys  per  cent.) 

2  665 

0-00435 

Iron  (Armstrong)  A 

10-512 

0-00544 

Nickel 

12-323 

0-00622 

Tin 

13-048 

000440 

Magnesium 

4-355 

000381 

Zinc 

5-751 

0-00406 

Cadmium    .  . 

I0-02S 

0 004 I 9 

Lead 

20-380 

0 004 I I 

Thallium     .  . 

17-633 

0-00398 

TABLE    II 

Resistivities  and  Mean  Temperature  Coefficients  at  15°  C.  of  the 
Principal  Industrial  Alloys 


Alloy. 


Platinum  (34),  Silver  (66) 
Platinum  (80),  Iridium  (20) 

(90),  Rhodium  (10) 
Gold  (90),  Silver  (10) 
Aluminium  (94),  Silver  (6)  . . 
(94),  Copper  (6) 
Copper  (97),  Aluminium  (3) 
Hadfield's  Manganese  Steel  (12  per  cent.) 
Nickel-silver    (Cu=6o-i  ;     Zn=25-4  ;    Ni  =  i4-o 

Fe=o-4)     . . 
Silverine    (Cu  =  77;     Ni  =  i7;     Fe  =  2  ;     Zn  =  2 

Co  =  2) 

Copper  (87),  Nickel  6-5),  Aluminium  (6-5) 
Copper  (73),  Nickel  (3),  Manganese  (24)  .  . 
Nickeline  (Cu=6i-6;   Zn  =  i9-8;   Ni  =  i8-6) 
Cupro-nickel  (Cu  =  75  ;   Ni  =  25)     .. 
Rheotan      (Cu  =  53-3;       Zn  =  i6-9;       Ni  =  25-3 

Fe=4-5) 

Constantan    . . 

Cupro-manganese    (Cu  =  7o;   Mn  =  3o)     .. 
Aluminium-bronze  (Cu=  90  ;   Al=io) 
(Cu=94:   Al=6) 


Microhms  per 
cm3. 


31-582 

30-896 

21-142 

6-280 

4-641 

2-904 

8-847 

67-148 

29-982 

2-064 
T4-912 

47-7 
45-0 
34-2 

525 

500 

100-6 

12-31 

3-2 


Mean  temp.  coef. 
15°  C. 


0-000243 

0000822 

000143 

000124 

0-00238 

0-0038 

0-000897 

0-00127 

0-008273 

0-00285 

0-000645 

0-00083 

0-00019 

0-0004 1 

0-00004 
000105 


The  copper-silicon  alloys,  used  in  the  form  of  wire  when  of  low 
silicon  content,  and  for  adding  to  various  other  alloys  during  manu- 
facture. 

The  copper-vanadium  and  copper-iron  alloys  are  very  little  used. 

Bearing  Metals 

The  terms  "bearing  metal,"  "white  metal,"  and  even  "white 
bronze  "  are  used  for  the  alloys  employed  in  the  manufacture  of 
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bearings  and  articles  to  withstand  frictional  loads.     The  principal 
types  of  these  alloys  are  : 

1.  Binary  alloys  :  lead-antimony. 

2.  Ternary  alloys :  lead- tin- antimony,  lead- tin-copper  (lead 
bronzes  or  plastic  bronzes  already  described),  lead-tin-bismuth. 

3.  Quaternary  alloys  :   lead- tin-antimony-copper. 

As  the  complete  examination  of  all  these  series  of  alloys  has 
not  yet  been  made,  and  since,  in  any  case,  such  an  examination  is 
not  within  the  scope  of  the  present  volume,  the  description  will  be 
confined  to  the  antimony-lead  alloys. 

Then,  in  order  that  certain  conclusions  may  be  drawn  for  the 
ternary  and  quaternary  alloys,  the  constitution  of  the  following 
binary  systems  will  be  briefly  considered  :  lead-tin,  lead-copper, 
tin-antimony,  and  finally  a  short  examination  of  a  typical  ternary 
system  before  passing  to  the  microscopical  examination  of  typical 
commercial  bearing  metals, 

Lead-Antimony  Alloys 
Diagram. — ^The    liquidus    consists  of  two   curves  cutting  each 
other  at  the  composition  13  per  cent.  Sb,  and  a  temperature  of 

248°  C.  The  solidus 
consists  of  a  hori- 
zontal line  passing 
through  the  junc- 
tion of  the  solidus 
curves  and  extend- 
ing to  the  extreme 
limits  of  the  diagram 
(pure  metals)  (Fig. 
492).  Lead  and  an- 
timony do  not  form 
solid  solutions. 

Constituents. — The 
lead  -  antimony  al- 
loys consist  of  lead 
and  antimony  and 
their  eutectic,  which  corresponds  to  an  antimony  content,  13  per 
cent.  Sb.  Up  to  this  composition  free  lead  is  present,  and  above  it 
clearly  defined  crystals  of  antimony  (Fig.  86,  PI.  X.,  p.  22),  which 
increase  as  the  antimony  content  increases. 

Relation  between  the  Diagram,  Properties,  and  Uses. — Lead  being 
malleable,  and  antimony  extremely  brittle,  the  alloys  become  less 
and  less  malleable  as  the  antimony  content  increases.  They  never 
become  really  brittle  until  the  eutectic  composition  is  exceeded, 
when  they  contain  crystals  of  free  antimony. 


JS 

, 

fao 

^"^"^v^ 

fio 

^\ 

i'oo 

- 

J/lOUlJ 

4^0 

■ 

M't 

I/iourJ 

.S6          ^ 

3U 

■ 

3oc 

/ 

ifo 

Af 

yo. 

Pi,  S6 

F6 


j» 


So  6t  yf->  to  JO  ICO     X^6   '. 

Fig.  492. — Lead-antimony  diagram  (Gontermann). 
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The  anti-frictional  qualities  of  these  alloys  are  due  to  the  presence 
of  the  antimony  crystals,  whilst  the  eutectic  forms  a  plastic  matrix 
to  support  these  crystals,  and  enables  a  proper  bearing  surface  to  be 
obtained. 

Therefore,  if  alloys  similar  to  lead  but  of  rather  greater  rigidity 
are  required,  as  in  the  manufacture  of  accumulators,  alloys  con- 
taining free  lead  are  used  (6-8  per  cent.  Sb).  If  great  hardness  or 
good  frictional  quaUties  (wear,  etc.)  under  high  pressures  are  required, 
then  the  alloys  containing  free  antimony  must  be  employed  (20- 
40  per  cent,  Sb  in  certain  type  metals,  14-20  per  cent.  Sb  for  bearing 
metals) . 

Lead-Tin  Alloys 

Diagram  (Fig.  493) . — ^The  liquidus  consists  of  two  curves  cutting 
each  other  at  the  composition,  64'!  per  cent.  Sn,  at  a  temperature 
of  181°  C. 
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Fig.  493. — Tin-lead  diagram  (Rosenhain  and  Tucker,  Dogens) 
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The  solidus  consists  of  an  horizontal  line  passing  through  this 
temperature,  181°  C,  finishing  on  the  one  side  with  pure  tin  and  on 
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the  other  side  at  a  composition  of  16  per  cent.  Sn,  and  a  curve 
joining  this  point  with  the  melting  point  of  lead. 

Therefore  lead  and  tin  form  a  solid  solution  in  which  the  tin 
content  varies  with  change  of  temperature,  the  content  at  ordinary 
temperature  being  7  per  cent.  Sn. 

The  horizontal  line  may  be  continued  to  pure  lead  if  the  rate 
of  cooling  is  sufficiently  great. 

Further,  tin  possesses  two  allotropic  modification?.  There  may 
be  the  formation  of  a  compound  Pb4Sn3,  but  these  transformations 
occur  so  slowly  that  in  practice  the  alloys  consist  solely  of  solid 
solution  and  tin. 

Relation  between  the  Properties  and  the  Constitution. — The  solutions 
at  the  two  extremes  exhibit  similar  properties  to  lead  and  tin 
and  are  therefore  malleable.  The  same  applies  to  all  the  alloys. 
None  of  them  contains  any  hard  crystals.  They  owe  their  use  either, 
because  they  are  not  attacked  by  certain  liquids  (pewter  less  than 
18  per  cent.  Pb),  or  to  their  good  casting  and  working  properties 
(decorative  articles  containing  40  per  cent,  lead,  lead  toys  (soldiers) 
containing  95  per  cent.  Pb),  or  to  their  low  melting  point  (solders 
containing  60  per  cent.  Pb  which  should  contain  67  per  cent.  Pb  for 
the  minimum  melting  point).  1 


Lead-Copper  Alloys 

Diagram  (Fig.  494) . — The  liquidus  consists  of  a  curve  commencing 
from  the  melting  point  of  pure  copper  and  reaching  a  temperature 
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Fig.  494.- — -Lead-copper  diagram  (Friedrich  and  Leroux). 

of  950°  at  a  composition  corresponding  to  40  per  cent,  lead ;  an 
horizontal  section  continues  from  this  point  to   the  composition 

^  Translator's  note  :   Solders  receive  special  names  according  to  their  tin  content 
"  Plumbers'  solder  "  contains  from  67  per  cent,  to  50  per  cent.  lead.     "  Tinman's 
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70  per  cent,  lead,  and  a  curve  joins  this  last  point  to  the  melting 
point  of  lead. 

The  solidus  consists  of  an  horizontal  line  passing  through  the 
melting  point  of  pure  lead. 

Copper  and  lead  are  partially  miscible  in  the  molten  state  and 
are  non- miscible  in  the  solid  state.  1 

Antimony-Tin  Alloys 

The  diagram  of  these  alloys  is  given,  Fig.  495. 
The  hquidus  consists  of  three  sections :  AB,  BC,  and  CD,  each 
section  corresponding  to  the  separation  of  a  solid  solution.     The 


o  ti  ft  So  ^p 

Fig.  495. — Antimony-tin  diagram  (Williams). 

solidus  consists  of  the  curve  Ka,  the  horizontal  ha,  the  line  he,  the 
horizontal  cd,  and  the  curve  ^D. 

No  transformation  points  need  be  considered. 

At  ordinary  temperature  the  constituents  are  ;  a  solid  solution 
containing  8  per  cent.  Sn,  the  compound  SbSn  forms  the  solid 
solutions  h  and  c  and  a  third  solution  containing  from  o-io  per  cent. 
Sb.     The  electrical  conductivity  curve  shows  the  existence  of  the 

solder  "  of  approximately  eutectic  composition  contains  40  per  cent.  lead.  Other 
solders  contain  even  more  tin,  and  in  special  instances,  as  for  certain  electrical  work, 
up  to  90  per  cent.  tin. 

^  The  equilibrium  curve  of  the  mixture  of  the  two  liquids  has  recently  been  plotted 
by  Bogitch,  ref.  Rev.  de  Met.,  vol.  xii.  p.  655,  1915. 
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compound  SbSn.     The  8  solution,  rich  in  tin,  is  the  only  malleable 
constituent  of  the  series. 

Fig.  no,  PL  XIV.  (p.  79),  shows  the  liquid  diffusion  of  these  alloys. 

Lead-Bismuth  and  Tin-Bismuth  Alloys 

Diagram. — ^The  diagrams.  Figs.  496,  497,  show  the  constitution 
of  these  two  classes  of  alloys. 
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Fig.  496. — Lead-bismuth  diagram  (Barlow,  Kapp,  Mazzotto,  Shepherd). 

The  lead-bismuth  series  contains  a  eutectic  and  two  solid 
solutions. 

The  tin-bismuth  series  consists  of  two  solid  solutions,  the  one 
containing  1-3  per  cent.  Sn,  and  the  other  containing  6  per  cent.  Bi. 
forming  a  eutectic. 

These  alloys  have  no  commercial  appHcation  and  are  mentioned 
in  connection  with  the  examination  of  the  lead-tin-bismuth  alloys. 

Lead-Tin-Bismuth  Alloys 

Only  binary  alloys  have  as  yet  been  considered,  but  a  typical 
example  of  a  ternary  system  will  now  be  described. 

A  simple  example  will  be  chosen  :  the  lead-tin-bismuth  series 
investigated  by  Charpy.  In  the  first  instance,  it  is  necessary  to 
show  how  the  results  are  represented  as  regards  fusibility  (Fig.  498) . 
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If  in  an  equilateral  triangle,  ABC,  each  apex  represents  one  of 
the  metals  considered,  then  a  point  M,  situated  inside  the  triangle. 
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Fig.  497. — Bismuth-tin  diagram  (V.  Lepkowski  and  Mazzotto). 


will  represent  an  alloy  containing  Ma  of  the  metal  A,  M6  of  jjthe 
metal  B,  Mf  of  the  metal  C  ;  the  sum  total  Ma+M6+Mc  being 
constant,  the  unity  basis  is  taken  as  100. 

A 


Fig.  498 — Diagrammatic 
representation  of  the 
freezing-point  surface 
of  a  ternary  alloy. 


498A. — Freezing-point     surface     of 
Pb-Sn-Bi  alloys. 


C 

the 


The  temperatures  corresponding   to   the  liquidus,  the  sohdus, 
and  to  the  transformations  at  the  point  M,  are  found  from  the 
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temperature  scale  perpendicular  to  the  plane  of  the  diagram  ;  there- 
fore, by  varying  the  position  of  the  point  M  it  will  be  possible  to 
obtain  the  surfaces  limiting  the  various  sections  of  the  diagram. 
The  lead-bismuth-tin  series  (Fig.  498A)  may  be  considered  as  an 
example. 

In  the  triangle  ABC,  A  represents  lead,  B  bismuth,  and  C  tin. 
The  liquidus  consists  of  three  surfaces  which  cut  one  another  along 
the  three  curves  Ee,  E'e,  E"e. 

E,  E',  E"  correspond  to  binary  eutectics  ;  the  point  e  common  to 
the  three  curves,  corresponds  to  the  ternary  eutectic  alloy  of  com- 
position : 

Lead         .  .  . .  .  .  .  .  .  .  .  .        32 'o  per  cent. 

Tin  .  .  . .  .  .  .  .  .  .  .  .        15-5  per  cent. 

Bismuth..  ..  ..  ..  ..  ..        52  "5  per  cent. 


loo-o  per  cent. 

Melting  point  96°  C. 

This  alloy  alone  can  exist  in  equilibrium  in  the  liquid  state  with 
the  three  metals,  lead,  tin,  bismuth,  if  the  solid  sohitions  indicated 
under  the  binary  alloys  are  excepted. 

It  is  possible  to  follow  the  solidification  of  these  alloys,  as  in  the 
case  of  the  binary  alloys.  Consider,  for  example,  the  alloy  the 
diagrammatic  composition  of  which  is  shown  by  the  point  D  ;  this 
alloy  will  consist  of  crystals  of  bismuth,  surrounded  by  the  tin- 
bismuth  binary  eutectic,  which  in  turn  will  be  surrounded  by  the 
ternary  eutectic.  Microscopical  examination  readily  confirms  this 
constitution  (see  analogous  example  shown  for  Pb-Sn-Sb,  Fig.  500, 
PI.  XCIIL,  p.  242). 

General  Structure  of  Bearing  Metals 

The  subject  of  frictional  wear  and  the  suitability  of  various 
aUoys  to  withstand  frictional  loads  in  a  satisfactory  manner  is  un- 
doubtedly one  of  the  most  complex  mechanical  and  metallurgical 
problems. 

Frictional  losses,  and  therefore  wear  of  bearings,  are  dependent 
on  many  factors,  not  only  pressure  and  the  constitution  of  the 
bearing  metal,  but  also  the  speed  of  revolution,  lubrication,  etc. 
It  may  be  said  that  the  selection  of  a  suitable  alloy  to  withstand 
friction  is  mainly  a  question  of  working  conditions. 

Under  certain  circumstances,  hardened  steel  running  in  hardened 
steel  has  given  good  results  ;  cast  iron  running  in  cast  iron,  which 
is  suitable  in  some  instances,  is  not  always  satisfactory  ;  with  light 
loads,  the  a-f  j8  brasses  are  frequently  found  satisfactory,  and  the 
authors  know  of  an  aluminium-copper  solid  solution  which  has 
given  remarkable  results,  under  perfect  lubrication  conditions. 

It  appears,  however,  that  for  many  purposes  the  structure  of  a 
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bearing  metal  should  consist  of  two  constituents  of  different  hardness  : 
the  one  plastic,  which  permits  the  rotating  section  to  obtain  a  perfect 
tit  or  "  seating,"  either  by  rapid  wear  of  isolated  sections  or  by  general 
distortion  or  "  flowing  "  of  the  plastic  mass  ;  the  other  hard,  the 
object  of  which  is  to  give  a  low  coefficient  of  friction  and  to  resist 
wear.  The  proportions  of  these  two  constituents  will  vary  for 
different  purposes. 

If  a  bearing  metal  has  to  withstand  heavy  loads,  it  will  contain 
a  relatively  large  proportion  of  the  hard  constituent.  If  the  bearing 
pressure  is  low  it  wiU  contain  less  of  this  constituent.  The  pro- 
portions of  the  two  constituents  are  obviously  dependent  on  the 
chemical  composition,  and  also  on  the  rate  of  cooling  (see  Fig.  507, 
PI.  XCV.,  p.  243,  and  Fig.  508,  PL  XCVL,  p.  256)  ;  the  slower  the 
rate  of  cooling,  the  more  the  crystals  develop,  and,  other  conditions 
being  constant,  they  are  less  evenly  distributed  throughout  the 
mass.  In  the  lead-antimony  alloys,  the  hard  constituent  is 
the  antimony,  the  plastic  constituent  lead,  or  more  correctly  the 
eutectic.  In  the  antimony-tin  alloys,  the  Sb-Sn  compound  is  the 
hard  constituent. 

In  the  ternary  alloys,  Pb-Sn-Bi,  the  bismuth  constitutes  the 
hard  portion  of  the  alloy. 

The  lead-tin-antimony  alloys  include  the  Sb-Sn  compound  in 
the  form  of  clearly  defined  cubes  together  with  binary  and  ternary 
eutectics. 

The  lead-tin-antimony-copper  alloys,  in  which  the  copper  is 
always  present  in  small  quantities  (3  per  cent,  to  10  per  cent.  Cu), 
contain  two  hard  constituents  :  SbSn  and  CusSn,  the  latter  of  which 
has  already  been  considered  under  bronzes.  The  lead  is  present 
in  the  eutectics  which  form  the  plastic  matrix  ;  the  SbSn  occurs 
as  regular  cubic  crystals  ;  the  CuaSn  as  a  meshwork  of  needles 
(Fig.  503,  PI.  XCIV.  ;   Figs.  505,  506,  PI.  XCV.,  p.  243). 

The  most  suitable  etchants  for  bearing  metals  are  : 
Silver  nitrate  ; 
Dilute  hydrochloric  acid. 
Frequently  simple  polishing  and  exposure  to  the  air  for  some  hours 
(twenty-four  hours)  give  excellent  results. 

OTHER  COMMERCIAL  ALLOYS 

Only  aUoys  of  actual  practical  importance  will  be  mentioned  : 
Aluminium-zinc  alloys,  which  are  likely  to  be  of  greater  utility 
in  the  future  ; 

Gold-silver  aUoys  ; 
Silver-copper  alloys  ; 

Gold-copper  alloys  ;    this  and  the  previous  series   of    alloys 
constituting  the  coinage  alloys. 
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Aluminium-Zinc  Alloys 

Diagram. — Liquidus. — The  diagram,  first  determined  by  Shepherd 
and  subsequently  revised  by  Rosenhain  and  Archbutt  (1911),  has  a 
liquidus  showing  a  eutectic  point  at  B  and  a  transition  point  C 
(Fig.  509). 

Solidus. — The  solidus  consists  of  two  inclined  lines  commencing 
from  the  points  A  and  D  and  corresponding  to  the  two  solid  solutions  : 
a  rich  in  zinc,  and  y  rich  in  aluminium ;  also  two  horizontal  lines 
passing  through  the  eutectic  point  B  and  the  transition  point  C 
respectively,  and  the  vertical  corresponding  to  the  definite  compound 
iS^AlaZng. 

Transformation  Lines. — A  horizontal  line  at  256°  indicates  that 
a  transformation  occurs  in  all  alloys  containing  ^8.  This  horizontal 
corresponds  to  the  transformation  of  j3  (AlgZug)  into  a +7. 

Constituents. — The  constituents  of  the  aluminium-zinc  alloys 
are  ; 

I.  An  a  solid  solution  of  extremely  low  aluminium  content 
(less  than  i  per  cent.). 


o(.^Si 
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Fig.  509. — Aluminiam-2inc  diagram  (Rosenhain  and  Archbutt). 


2.  The  compound  AlgZug  or  j8  constituent  which  forms  a  eutectic 
with  the  preceding  solid  solution,  but  decomposes  at  256°  C.  Owing 
to  this  transformation,  the  j3  constituent  presents  a  duplex  structure 
very  similar  to  that  of  pearlite  in  steels,  but  it  is  only  seen  in  alloys 
that  have  been  slowly  cooled. 

3.  The  mixed  crystals  (Al2Zn3-Al)  forming  the  7  solid  solution. 
Properties. — An   extremely    interesting  industrial   research    has 

been  published  (see  Rosenhain  and  Archbutt,  "  Tenth  Report  Alloys 
Research  Committee,"  1912)  which  shows  that  certain  of  these 
alloys  possess  very  remarkable  properties.  Several  typical  examples 
may  be  quoted  (rolled  and  annealed  material). 
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Zini.  content. 

Ult.  strength  (tons 
sq.  in.) 

E  (tons  sq.  in.). 

Percentage 
elongation. 

Percentage  reduction 
in  area. 

5 

8-8 

8-5 

210 

69-9 

9 

108 

100 

21-5 

617 

13 

14-2 

10-3 

197 

557 

15 

166 

13-8 

22 -O 

50-2 

20 

22-1 

20"I 

5-5 

8-3  (errors) 

26 

24-6 

22-0 

1 1 -2 

133 

One  of  the  authors  ^  had,  previous  to  this  research,  obtained  the 
following  results  : — 


Zinc 

percentage. 

Treatment. 

Ult.  strength 
(tons  sq.  in.). 

Percentage 
elongation. 

Reduction  in 
area. 

IO-2        j 
i6-o       j 
210        ) 

Forged 

Forged  and  annealed 

Forged           

Forged  and  annealed 

Forged 

Forged  and  annealed 

"•5 
93 
160 
146 
19-8 
19-9 

33-5 
38-0 
230 
28-0 
I4-0 
145 

55  4 
04-5 
47-4 
41-0 
27-0 
3t>-5 

Several  of  these  alloys  might  be  compared  with  mild  steel,  but 
they  appear  to  withstand  repeated  strains  far  less  than  steel. 


Gold-Silver  Alloys 

Diagram. — The  liquidus  consists  of  a  curve  joining  the  melting- 
points  of  the  two  metals  (Fig.  510).  The  solidus  very  closely 
approaches  the  liquidus.  The  gold-silver  alloys  consist  of  an  unin- 
terrupted series  of  solid  solutions. 

Silver-Copper  Alloys 

Diagram. — The  liquidus  consists  of  two  curves  which  meet  at 
the  composition  (71-9  per  cent.  Ag)  at  a  temperature  of  yy8°  C. 
The  solidus  consists  of  a  horizontal  passing  through  this  temperature 
and  extending  to  the  right  to  within  94  per  cent.  Ag  and  to  the 
left  to  within  2  per  cent.  Ag. 

At  the  two  extremities  of  the  diagram  there  are  solid  solutions 
of  low  contents  of  silver  and  copper  respectively.  These  two  solid 
solutions  form  a  eutectic,  which  was  for  a  considerable  time  regarded 
as  the  compound  Ag3Cu2,  until  microscopical  examination  defined 
its  true  constitution.    Actually  the  eutectic  contains  27  9  per  cent.  Cu. 

Copper  serves  to  increase  the  hardness  and  tenacity  of  silver. 
The  solid  solution  rich  in  copper  possesses  practically  the  same 
properties  as  pure  copper. 

^  Portevin,  Rev.  de  Met.,  vol.  viii.  p.  727,  191 1. 
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Gold-Copper  Alloys 
Diagram. — The  liquidus  and    solidus  each  consist  of   a  single 
curve,  and  the  curves  have  a  common  minimum  value  (Fig.  512). 
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Fig.  510. — Gold-silver  diagram  (Roberts-Austen  and  Kirke  Rose). 

This  system  consequently  belongs   to  Type   IIL,  Roozeboom  (see 
Fig.  32,  p.  34).     After  solidification  the  alloys  consist  of  a  solid 
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Fig.  511. — Silver-copper  diagram  (Friedrich  and  Leroux). 

solution  which  is  usually  distinctly  heterogeneous  in  cast  metal 
(Fig.  106,  PI.  XIIL  cont.,  p.  78). 
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In  a  recent  research,  ^  Kurnakow,  Zemczuzny,  and  Zasedatelev 
have  shown  the  existence  of  transformation  curves  with  two  maxi- 
mums at  371°  and  367°,  corresponding  to  the  definite  compounds 
CuAu  and  CU3AU,  which  form  sohd  solutions  (Type  IL,  Roozeboom, 
Fig.  31,  p.  34).     These  transformations  are  slow  and  conform  with 
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Fig.  512. — Solidification  of  gold-copper  alloys  (Kurnakow  and  Zemczuzny). 


the  general  considerations  given  in  Chap.  IL,  pp.  73,  76.     They  pro- 
duce Widmanstaetten  structures. 

The  definite  compounds  CuAu  and  CU3AU  are  brittle  (see  Relation 
between  Mechanical  Properties  and  Constitution,  Chap.  IIL,  p.  106), 
and  this  also  applies  to  the  solid  solutions  which  they  form.  Quench- 
ing produces  the  primary  solid  solution  which  is  malleable,  and  is 
composed  of  the  two  malleable  metals  gold  and  copper.  Quenching, 
therefore,  renders  these  alloys  malleable  and  ductile,  a  fact  which 
served  as  the  starting-point  for  a  research  2  on  these  alloys  in  1914, 
and  which  has  been  interrupted  by  the  war. 

The  impact  figures  had  shown  an  excessive  brittleness  for  the 
alloy  containing  20  per  cent.  Cu  when  in  the  cast  state  and  not 
quenched.  These  alloys  are  quenched  after  casting  and  before 
rolling. 


1  Jour.  Inst,  of  Metals,  vol.  xv,  p.  305,  1916. 

2  Portevin  and  Durand. 
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Lead-Arsenic  Alloys 

The  alloys  used  in  the  manufacture  of  lead  shot  have  a  very 
low  arsenic  content  (q-S-o-q  per  cent.  As). 

This  addition  causes  them  to  take  a  spherical  form  and  a  moderate 
hardness  when  cast  from  a  great  height  by  falling  through  air  (shot 
tower). 

The  study  of  the  constitution  of  these  alloys  has  been  made  by 
Heike,  who  has  constructed  the  diagram  (Fig.  513). 


Q  td  «V  Jo         M^       fa     fo   j(o    Se  JO  fao  • 

Fig.  513. — Lead-arsenic  diagram  (Heike). 

The  lead-arsenic  alloys  consist  of  two  constituents,  which  form 
a  eutectic  that  melts  at  228°  C,  and  corresponds  to  the  composition 
3-16  per  cent.  As. 
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Fig.  508. — Specimen  of  bearing  metal  slowly  cooled  at  the  top  and  quickly  cooled 

at  the  bottom. 

Showing  the  formation  and  collection  of  the  cubes  at  the  top  of  the  section. 
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PART   II 

MACROGRAPHY 

CHAPTER  VI 

PRINCIPLES   AND   TECHNIQUE 

Wpien  conclusions  are  drawn  from  microscopical,  chemical,  mechani- 
cal, and  other  investigations  carried  out  on  one  or  more  samples  or 
test-pieces,  taken  from  various  positions  in  the  article  or  ingot 
considered,  it  is  usual  to  assume  that  these  conclusions  are  applic- 
able throughout  the  whole  mass  of  the  material.  This  assumption, 
to  be  accurate,  requires  that  the  article  shall  be  of  uniform  chemical 
and  structural  composition,  and  possess  similar  mechanical  properties 
throughout  the  mass  ;  therefore,  any  systematic  examination  should 
have,  as  a  preliminary,  some  method  of  determining  whether  this 
uniformity  exists.  This  is  provided  by  macrographic  examination, 
which  consists  in  the  investigation,  as  a  whole,  of  one  or  more 
complete  sections,  which  are  cut  in  varying  directions  dependent 
on  the  shape  and  method  of  manufacture  of  the  article.  The 
examination  is  made  with  the  naked  eye  or,  under  very  low  magni- 
fications, by  means  of  a  hand  lens  after  simple  polishing  and  suitable 
etching. 

Again,  let  it  be  assumed  that  the  material  is  of  uniform  chemical 
composition,  which  implies  that  samples  taken  throughout  the  mass 
give  practically  identical  results  by  chemical  analysis.  JVlicrosco- 
pical  examination  will  provide  the  necessary  information  as  regards 
the  constitutional  heterogeneity  of  any  sample,  as  described  in  the 
previous  chapters,  but  the  microscope,  of  necessity,  only  permits 
small  areas  to  be  examined,  the  diameter  of  the  individual  field  of 
view  being  usually  of  the  order  of  a  millimetre  or  even  a  fraction  of 
a  millimetre.  Therefore,  by  such  examination,  it  is  difficult  or  even 
impossible  to  appreciate  the  arrangement  and  general  distribution 
of  the  constituents,  since  the  total  area  or  even  a  portion  of  this 
area  is  of  far  greater  dimensions.  In  such  instances,  macrographic 
examination  provides  the  necessary  information  as  to  the  general 
structural  distribution,  termed  "  macrostructure  "  of  the  alloy.  Thus 
macrographic  examination  has  a  double  application  : — 
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1.  To  ascertain  whether  the  article  or  ingot  is  of  uniform  chemical 
composition  and  possesses  similar  or  varying  properties  throughout 
the  mass,  the  homogeneity  being  principally  dependent  on  the 
method  of  manufacture. 

2.  It  is  a  means  of  estimating  the  general  structural  distribution 
or  "  macrostructure  "  of  the  material. 

In  the  first  case,  such  an  examination  is  essentially  an  acceptance 
or  control  test  (works  test),  but  may  serve  also  as  a  preliminary  to 
a  complete  examination,  and  is  then  of  some  assistance  in  outlining 
the  general  procedure.  The  authors  have  reserved  the  term 
"  etching-test  "  (essai  de  corrosion)  for  this  type  of  examination. 
The  object  of  such  a  test  is  to  reveal  the  inequalities  and  defects 
in  the  homogeneity  of  the  material. 

In  the  second  case,  the  test  is  an  accurate  laboratory  method, 
the  object  of  which  is  the  completion  of  the  information  obtained 
from  microscopical  examination  by  showing  the  general  arrange- 
ment and  distribution  of  the  microscopic  particles  (crystals,  grains, 
etc.).  This  type  of  examination,  made  either  with  the  naked  eye 
or  under  low  magnification,  will  be  termed  "  macrographic  examina- 
tion." It  is  not  the  defects  that  are  under  investigation  in  this 
instance,  but  the  modifications  resulting  from  the  various  processes 
to  which  the  material  has  been  subjected. 

The  perfection  of  the  surfaces  and  methods  of  preparation  are 
not  identical  in  the  two  instances  and,  without  encroaching  on  what 
is  to  follow,  it  may  be  stated  that  a  less  finished  polish  sufiices  for 
the  "  etching  test,"  whereas  a  polish  approaching  that  required  for 
microscopical  examination  is  required  for ' '  macrographic  examination.' ' 

Hitherto  these  methods  of  investigation  have  been  almost 
exclusively  applied  to  steels  and,  although  the  methods  to  be  de- 
scribed refer  to  these  materials,  they  are  also  applicable,  except 
in  certain  details,  to  all  other  alloys,  and,  as  will  be  shown,  the 
conclusions  to  be  drawn  from  macrographic  examination  may  be 
easily  generalised. 

The  etching  tests  and  macrographic  examination  will  be  described 
in  this  order,  but  such  a  classification  is  purely  arbitrary  and,  although 
not  very  definite,  it  appears  in  practice  to  offer  certain  advantages. 
The  principal  object  of  the  etching  test  is  to  show  up  the  segregated 
areas  and  arrangement  of  the  flow  lines  in  the  material,  defects 
which  may  also  be  described  as  a  heterogeneity  of  the  material,  and 
which  modifications  or  improvements  in  the  method  of  manufacture 
would  decrease  or  cause  to  disappear. 

Macroscopic  examination  reveals  the  constitutional  hetero- 
geneity which  exists  throughout  the  whole  mass  of  the  material, 
and  is  inherent  in  the  alloy  considered,  corresponding  to  micro- 
scopical heterogeneity. 
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A.  ETCHING  TESTS  1 

Technique. — (a)  Polishing.- — The  surface  is  flattened  in  the  usual 
manner  with  a  file,  planing  machine,  or  emery  wheel,  the  finer 
surfacing  being  produced  by  rubbing  down  on  emery  papers  of  vary- 
ing grades.  If  the  complete  macrographic  examination  is  to  serve 
as  a  preliminary  to  microscopic  examination  the  polish  must  be  as 
nearly  perfect  as  possible,  but  owing  to  the  large  areas  of  the 
specimens  this  operation  becomes  exceedingly  tedious.  Unequal 
working  or  heating  of  the  surface  of  the  specimen  during  the  flattening 
or  rubbing-down  process  must  be  avoided,  as  the  result  of  such 
treatment  will  appear  on  etching  the  specimen,  the  marks  of  the 
tool  or  abrasive  then  being  apparent.  When  such  effects  are 
expected  it  is  advisable  to  use  fine  files  for  the  final  stages  of  the 
rubbing-down  process. 

It  is  obvious  that  the  perfection  of  the  polish  required  is  de- 
pendent on  the  nature  of  the  examination ;  whether  rapid  works 
examination,  detailed  examination  for  the  purpose  of  research,  or 
a  report  on  the  material. 

It  is  essential  that  all  traces  of  grease,  arising  from  the  polishing 
operations  or  contact  with  the  fingers,  should  be  removed  from  the 
surface  of  the  specimen  ;  and  this  may  be  done  by  washing  or  wiping 
the  surface  with  a  wad  of  cotton-wool  saturated  with  alcohol  or, 
more  easily,  by  final  polishing  on  a  sheet  of  clean  fine  emery  paper — 
the  latter  method  is  simple  and  very  satisfactory. 

Also,  it  is  advisable  to  follow  Fremont's  recommendation, 
that  the  operator  should  only  rely  on  his  own  polishing  and  should 
repolish  the  specimen  prior  to  etching. 

(b)  Reagents. — ^These  may  be  divided  into  three  main  categories. 

1.  Rapid  etching  reagents  which  produce  the  required  result  in 
a  period  varying  from  a  few  seconds  to  several  minutes,  amongst 
which  may  be  mentioned  : 

(a)  Pure  hydrochloric  acid. 

(6)  Iodine,  subhmed              .  .  . .  . .  . .        lo  grms. 

Potassium  iodide              .  .  .  .  .  .  .  .        20  grms. 

Water        .  .          .  .          . .  .  .  .  .  . .  100  c.c. 

(c)  Heyn's  reagent  ^ : 

Copper-ammonium  chloride  .  .  .  .  .  .        10  grms. 

Distilled  water     .  .          .  .  .  .  .  .  .  .  120  c.c. 

2.  Slow  etching  reagents  which  may  require  several  hours  or  even 
days  to  produce  the  required  effect ;  dilute  sulphuric  acid  bejng  a 
typical  example  of  this  class. 

Sulphuric  acid  .  .  .  .  .  .  .  .  . .        20  c.cs. 

Distilled  water  .  .  .  .  .  .  .  .  .  .      100  c.cs. 

1  In  the  description  of  etching  tests  frequent  extracts  have  been  made  from  the 
paper  published  by  Fremont,  "  Essais  des  fers  et  des  aciers  par  corrosion  "  [Rev.  de 
Met.,  vol.  V.  p.  649,  1908). 

2  This  reagent  keeps  indefinitely,  and  may  be  prepared  and  stored  in  bulk  :    the 
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3.  Contact  reagents  by  means  of  which  a  print  or  image  is  obtained 
on  some  material  placed  in  contact  with  the  polished  face  of  the 
specimen.  The  contact  prints  on  silk  (Heyn  and  Bauer)  and  bromide 
paper  (Baumann)  may  be  cited  as  examples.  These  will  be  de- 
scribed under  the  heading,  "Methods  of  Etching." 

Many  other  etching  reagents  are  in  common  use  and  might  be 
mentioned,  but  in  general  it  is  advisable  to  limit  their  number  as 
far  as  possible  and  thereby  acquire  experience  in  their  use. 

Those  already  described  will  satisfy  all  requirements  ;  hydro- 
chloric acid  is  a  works  reagent  to  enable  rapid  results  to  be  obtained  ; 
while  for  more  accurate  or  delicate  work,  the  iodine  solution  as  a 
rapid  reagent  and  the  dilute  sulphuric  acid  as  a  slow  reagent  will 
be  found  entirely  satisfactory.  Finally,  Heyn's  reagent  (copper- 
ammonium-chloride),  which  has  already  been  mentioned  as  a  micro- 
scopic reagent,  will  be  found  especially  useful  when  the  macrographic 
examination  serves  as  a  preliminary  to  the  complete  microscopic 
examination.  The  contact  reagents  are  confined  to  the  examination 
of  the  distribution  of  sulphur  and  phosphorus. 

Methods  o£  Etching. — With  the  slow  etching  reagents  and  Heyn's 
reagent  the  etching  operation  is  performed  by  immersion  of  the 
specimen,  but  with  the  other  rapid  reagents  it  is  usually  found 
desirable  to  daub  or  paint  the  specimen  with  a  brush  containing 
the  solution.  In  works  practice  extremely  large  areas  are  fre- 
quently examined  and  consequently  immersion,  apart  from  the 
large  amount  of  reagent  required,  is  liable  to  give  unsatisfactory 
results  owing  to  the  grease,  dirt,  rust,  etc.,  attached  to  the  specimens, 
affecting  the  action  of  the  reagent — considerations  which  are  of  far 
less  importance  in  the  case  of  slow  etching  with  dilute  sulphuric 
acid. 

The  detailed  description  of  the  various  methods  of  etching  will 
now  be  given. 

[a)  Slow  etching. — The  specimen  is  immersed  in  the  reagent  and 
it  is  sufficient  to  wash  the  specimen  two  or  three  times  per  day  by 
placing  it  in  the  stream  of  running  water  from  a  tap,  thereby  removing 
any  adherent  deposit. 

[h)  Rapid  etching  by  painting  with  a  brush  (Fremont). — The 
specimen  to  be  etched  is  placed,  polished  face  upwards  and  practically 
horizontal,  in  a  sink  ;  the  water  tap  is  fitted  with  a  length  of  rubber 
tubing  by  which  means  a  stream  of  water  may  be  directed  to  any 
portion  of  the  specimen  in  order  to  stop  or  retard  the  etching  at  any 
point  as  required  ;  then  the  operation  is  commenced  by  wetting  the 
whole  surface  of  the  specimen  with  water — the  water  should  remain 
as  a  thin  film  over  the  entire  surface  of  the  specimen  to  ensure  that 

commercial  copper  ammonium  chloride  on  solution  usually  has  a  white  cloudy 
appearance,  but  this  precipitate  of  copper  chloride  settles  and  may  be  disregarded. 
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the  surface  is  free  from  grease  and  any  foreign  matter,  and  to  enable 
the  reagent  to  be  spread  evenly  over  the  surface  by  means  of  the 
brush — and  the  painting  of  the  whole  surface  is  done  as  rapidly  as 
possible  to  avoid  unequal  etching  and  staining.  The  procedure  is 
similar  to  that  followed  in  selected  development  or  reduction  of 
bromide  prints.  The  etching  is  continued  by  distributing  the  reagent, 
as  needed,  by  means  of  the  brush,  where  the  action  ceases,  and  by 
washing  with  water  wherever  the  specimen  becomes  covered  with 
precipitate,  in  order  to  prevent  staining. 

Until  experience  has  been  obtained,  it  is  advisable  to  repeat  the 
operation,  after  repolishing  on  emery  papers,  and  by  comparison  to 
ensure  that  the  two  images  obtained  are  in  accordance  with  each 
other  ;  this  is  advisable  as  it  is  easily  possible  to  produce  staining 
effects  which  may  lead  to  an  incorrect  interpretation. 

(c)  Copper-ammonium  Chloride  Reagent  (Heyn). — ^The  poHshed 
surface  having  been  cleaned  with  a  wad  of  cotton-wool  impregnated 
with  alcohol,  the  specimen  is  rapidly  immersed  in  the  reagent, 
polished  face  upwards,  care  being  taken  that  the  whole  surface  is 
equally  covered,  as  otherwise  stripes  or  bands  are  produced  on  the 
surface.  The  action  of  the  reagent  is  electrolytic ;  it  deposits 
spongy  copper  on  the  polished  surface,  an  equivalent  amount  of 
iron  entering  into  solution  ;  it  is  therefore  essential  to  avoid  the 
presence  of  air  bubbles,  which  hinder  or  prevent  the  deposition  of 
copper,  leaving  small  bright  spots  on  the  surface  of  the  specimen. 
The  reagent  must  be  kept  in  continual  motion,  as  otherwise  it  will 
vary  in  concentration  in  different  parts,  especially  with  large 
specimens,  causing  unequal  etching  and  thereby  leading  to  in- 
correct interpretations.  The  time  required  for  etching  is  usually 
one  to  two  minutes. 

The  copper  deposit  is  finally  removed  by  wiping  with  a  wad  of 
cotton  wool  in  a  stream  of  water  (this  operation  is  easily  carried  out 
if  the  reagent  is  of  correct  strength  and  the  temperature  has  not 
been  too  low — the  best  temperature  is  between  i6°-i8°  C).  Alcohol 
is  then  poured  over  the  specimen  until  all  the  water  has  been  re- 
moved, when  it  may  be  dried  with  a  clean  piece  of  fine  linen. 

The  washing  with  alcohol  is  very  important  if  rapid  rusting  of 
the  specimen  is  to  be  avoided. 

{d)  Contact  Processes. — These  tests  are  used  to  reveal  the  sulphur 
and  phosphorus  segregation.  The  operation  is  as  follows  :  When 
acted  upon  by  acid,  the  sulphides  and  phosphides  of  iron  decompose 
with  the  local  evolution  of  H2S  and  PH3  which  may  be  made  to 
discolour  a  surface  suitably  sensitised. 

In  this  class  of  reagent,  that  of  Heyn  and  Bauer  consists  of  silk 
impregnated  with  acid  bichloride  of  mercury  which  reveals  the 
sulphide  areas ;  and  that  due  to  Baumann,  of  bromide  paper,  which 
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indicates  the  sulphide  and  phosphide  areas.  The  first  method, 
which  is  the  more  dehcate,  requires  considerable  manipulative 
ability  ;  the  second,  which  is  easily  performed,  is  suitable  for  rapid 
methods  of  examination. 

Heyn  and  Bauer's  Process. — On  the  polished  surface  is  placed 
a  piece  of  silk  which  is  impregnated  with  the  following  solution  by 
means  of  a  brush  or  wad  of  cotton  wool : — 

Mercury  bichloride     .  .  .  .  .  .  . .  . .        lo  grms. 

Hydrochloric  acid  (sp.  gr.  :    1-124).  .  .  .  .  .       20  c.c. 

Distilled  water  .  .  .  .  .  .  .  .  . .      100  c.c. 

The  evolution  of  H2S  forms  a  black  precipitate  of  sulphide  of 
mercury,  adhering  to  the  silk  at  the  points  corresponding  to  sulphide 
inclusions.  As  a  general  rule,  the  operation  requires  four  or  five 
minutes.  Large  evolutions  of  H2S  form  bubbles  under  the  surface 
of  the  thin  silk,  but  these  may  be  made  to  disappear  by  touching  them 
lightly  with  a  brush  impregnated  with  fresh  solution  ;  it  is  essential 
that  the  silk  shall  adhere  perfectly  to  the  specimen  throughout  the 
experiment ;  also,  from  time  to  time,  it  is  necessary  to  replace  the 
used  solution  with  fresh  solution  by  painting  over  the  surface  with 
the  brush.  Finally,  the  silk  is  removed  and  carefully  washed  with 
water  to  remove  all  traces  of  acid  without  removing  the  black 
precipitate.  The  silk  furnishes  an  exact  image  of  the  areas  rich  in 
sulphide  inclusions,  and  if  the  sulphide  inclusions  are  regularly 
distributed  throughout  the  material,  the  silk  will  be  of  a  uniform 
pale  grey  colour,  without  any  marked  points  of  contrast. 

The  areas  rich  in  phosphorus  evolve  phosphoretted  hydrogen, 
which  forms  a  lemon-yellow  precipitate  of  mercury  phosphide  ; 
therefore  these  are  distinct  from  the  sulphide  spots,  which  are 
black.  The  evolution  of  phosphide  is  very  slight  compared  to  the 
evolution  of  H2S  which  is  extremely  rapid. 

Baumann  s  Process. — Bromide  paper  is  wetted  by  immersion 
in  dilute  sulphuric  acid  (3  per  cent.)  and  the  sensitised  surface  is 
then  brought  into  contact  with  the  polished  surface  of  the  specimen 
to  be  examined,  movement  of  the  paper  and  the  presence  of  air 
bubbles  being  avoided.  The  paper  is  left  in  contact  for  some 
definite  period  (20  seconds  to  5  minutes),  and  on  its  removal  there 
is  found  an  image  of  varying  intensity  outlining  the  sulphide  and 
phosphide  areas  by  the  local  production  of  sulphide  or  phosphide  of 
silver  (Figs.  557,  558,  PI.  CXV.).  If  further  proof  is  needed,  it  is 
necessary  to  remove  the  attacked  surface  with  a  file  or  by  other 
suitable  means  before  repeating  the  experiment. 

Choice  of  Etching  and  Photographic  Record  (Figs.  514,  515,  PI. 
XCVIL). — Rapid  etching  gives  immediate  results,  but  only  gives 
a  superficial  image  which  is  easily  destroyed  and  must  be  covered 
with  a  protecting  varnish  if  it  is  to  be  preserved. 
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Fig.  516. — Diagrams,  showing  the  distribution  of  sulphur,  plotted  from  results  obtained  by 
chemical  analysis.     (WfST  &  Felser.) 


Fig.  517. — Effect  of  liquation. 

Bronze  bearing  containing  30  %  Pb. — The  liquated  lead  appears  white. 

(XI.) 


Pl.XCIX. 


MACROSTRUCTURE— CRYSTAL  GRAINS. 


Fig.  518. — Ingot  of  aluminium  bronze,  as  cast. 
Etchant :  Acid  ferric  chloride. 
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Slow  etching,  on  the  other  hand,  affects  the  metal  to  a  consider- 
able depth  (it  is  even  possible,  in  the  case  of  thin  specimens  several 
milhmetres  in  thickness,  to  continue  the  etching  until  the  portions 
most  affected  are  eaten  through),  giving  results  which  may  be  easily 
preserved  dry,  or  by  spreading  a  thin  coating  of  grease  on  the 
specimen.  By  lightly  rubbing  the  surface  of  the  specimen  with 
emery  paper  after  etching,  it  is  possible  to  level  up  the  portions  in 
relief  and  thereby  sharpen  the  image.  This  is  of  great  advantage 
when  a  photograph  is  required  ;  the  portions  repolished  in  this 
manner,  with  suitable  illumination,  appearing  bright,  the  depressions 
remaining  dark  (Fig.  514,  PI.  XCVII.). 

On  the  other  hand,  slow  etching  does  not  enable  an  immediate 
result  to  be  obtained  ;  but  when  a  large  number  of  samples  has  to 
be  examined,  it  is  usually  found  to  be  the  more  convenient  method, 
as  several  specimens  can  be  etched  simultaneously  in  the  same 
bath. 

The  superficial  images  formed  by  rapid  etching  (Fig.  515, 
PI.  XCVII.)  tarnish  very  readily  after  washing  and  have  thin 
yellow  and  green  films  which,  although  hardly  visible  to  the  naked 
eye,  show  up  in  a  marked  manner  on  a  photograph.  When  dried 
and  varnished  they  give  flat  negatives  without  detail  or  contrast, 
and  the  best  result,  as  suggested  by  Fremont,  is  to  be  obtained  by 
photographing,  with  a  vertical  camera,  immediately  after  etching, 
the  specimen  being  covered  with  a  thin  film  of  water. 

The  contact  processes  provide  a  record  which  is  both  easy  to 
handle  and  easily  preserved. 

Deductions  to  be  made  from  Macrographie  Etching.— Omitting, 
for  the  moment,  the  contact  processes  which  will  be  fully  described 
later,  it  may  be  stated  that,  as  a  general  rule,  unequal  etching  of 
the  surface  of  a  specimen  is  a  proof  of  heterogeneity. 

If  a  homogeneous  reagent  is  employed  and  it  is  kept  in  motion 
during  etching,  in  order  to  avoid  the  unequal  etching  produced  in  a 
still  liquid,  any  inequalities  of  etching  are  undoubtedly  due  to  the 
heterogeneity  of  the  metal. 

Such  heterogeneity  may  be  of  three  different  kinds  :  crystalline, 
mechanical,  chemical. 

I.  Crystalline  Heterogeneity. — It  has  been  shown  microscopically 
that  the  crystal  grains  or  particles,  of  which  all  alloys  or  metals  are 
composed,  are  differentially  attacked  by  the  reagents,  the  rate  of 
etching  being  dependent  on  the  orientation  of  the  crystal  in  the 
plane  of  the  polished  surface  [e.g.  the  case  of  alloys  chemically 
homogeneous  in  the  annealed  state,  and  therefore  exhibiting  no 
effects  of  cold- work,  etc.),  and  a  similar  phenomenon  will  be  observed 
microscopically  if  the  grains  are  sufficiently  large  to  be  seen  with 
the  naked  eye  (see  Fig.  518,  PI.  XCIX.  ;    Figs.  519,  520,  PI.  C.  ; 
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Fig.  524,  PI.  CII.).  With  ferrous  alloys  this  condition  will  only 
be  found  in  cast  metal  or  burnt  steels  ;  the  most  suitable  reagents 
are  nitric  acid  and  Heyn's  reagent.  As  this  subject  concerns  other 
alloys,  it  will  be  further  considered  under  the  heading  of  macro- 
structure.  Generally,  with  all  mechanically  worked  steels,  rolled 
or  forged,  the  grains  are  too  small  to  be  visible  to  the  naked  eye,  and 
therefore  the  crystalline  heterogeneity  is  not  visible. 

2.  Mechanical  Heterogeneity. — It  has  been  shown  that  an  alloy 
of  definite  chemical  composition  is  more  readily  attacked  when  in  a 
strained  (work  hardened)  condition  ;  therefore,  if  there  has  been 
any  irregular  or  local  hardening  this  will  be  detected  by  variations 
in  the  etching.  As  this  effect  is  only  present  in  material  that  has 
been  cold-worked  or  permanently  deformed  at  low  temperatures, 
heterogeneity  due  to  work  hardness  may  therefore  be  disregarded 
in  the  case  of  material  that  has  been  cast  and  annealed,  and  also, 
as  a  general  rule,  forged  material.  In  a  similar  manner,  the  porous 
sections  of  the  material  and  the  welding  lines  are  more  readily 
attacked. 

Inclusions  might  also  be  considered  under  the  heading  of 
mechanical  heterogeneity,  but  it  appears  more  desirable  to  deal 
with  them  under  the  heading  chemical  heterogeneity,  which  is  the 
most  important  factor  in  the  etching  test. 

3.  Chemical  Heterogeneity. — This  is  of  the  greatest  importance, 
since  it  is  the  most  frequent  cause  of  unequal  etching.  The 
rate  of  etching  is,  of  necessity,  dependent  on  the  chemical  composi- 
tion at  any  given  point.  In  steels,  the  most  impure  portions  are 
the  first  to  be  attacked,  and  the  inclusions  (sulphides,  oxides, 
silicates,  slag)  constitute  the  centres  of  rapid  etching ;  either,  because 
the  reagent  attacks  them  more  readily  than  the  remainder  of  the 
material,  or  because,  being  less  readily  attacked  than  the  metal, 
they  set  up  an  electrolytic  action  which  brings  about  the  corrosion 
of  the  surrounding  metal. 

Owing  to  these  causes,  the  impure  areas,  the  porous  sections,  and 
the  portions  of  the  material  containing  inclusions  constitute  the 
areas  most  readily  attacked  by  etching  reagents. 

The  origin  of  chemical  heterogeneity  must  now  be  considered : — 

1.  It  may  be  intentional  (cementation)  or  due  to  the  method  of 
manufacture  (welding,  cemented  steel,  etc.). 

2.  It  may  be  due  to  the  phenomena  of  liquation  and  segregation 
accompanying  solidification  ;  the  effects  of  which  phenomena  ma}' 
be  restricted  or  localised  by  special  precautions,  but  which  are 
always  present  in  some  degree  and  will  now  be  briefly  considered. 

Phenomena  occurring  during  the  Solidification  of  Alloys  :  Contraction, 
Liquation,  Segregation. — The  solidification  of  an  alloy  is  accompanied 
by  two  distinct  phenomena  : — 
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Fig.  519. — Sand  cast  zinc  bar;  as  cast. 
Etchant  :   Acid  ferric  chloride.     Surface  stains  removed  by  gentle  rubbing. 
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Chill  cast. 


Sand  cast. 

Figs.  520-521. — Tensile  test  pieces  of  an  alloy  of  the  following  composition 
Cu  =  82-4  %;  Ni  =  15-0  %  ;  Al  =  2-1  %. 

Etchant ;  Boiling  ammon.  persulphate  solution. 
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MACROSTRUCTURE.— DENDRITES   AND   CRYSTALS. 


Fig.  522.— Slowly  cooled  cupro-nickel ;  80  %  Cu. 
Showing  dendrites  and  crystals. 

Etchant :  Copiier  ammonium  chloride. 
(X2.) 
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Fig.  523.— Very  slowly  cooled  bronze  ;  Cu  =  84  %. 
Showing  dendrites  standing  out  in  relief. 
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Fig.  524. — Sand  cast  brass  ingot ;  as  cast. 
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Fig.  525.— Alloy  containing  Gu  =  82-8  %  :  ^"i  =  12  %  ;  Al  =  5  %. 
As  cast. 

Etchant :  Acid  ferric  chloride. 

Oblique  illumination. 

(X6.) 


PL  cm. 
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iFiG.  526.— Alloy  :  Cu  =  59-7  %  :  Ni  =  3G-5  %  ; 
Al  =  3-0  %. 
As  cast. 
Etchant :  Acid  ferric  chloride. 
(X6.) 


Fig.  527.— Alloy  :  Ca  =  59-7  %  :  Ni  =  36-5  % 
Al  =  8-0  %. 
Annealed  at  800°  C. 

Etchant :  Acid  ferric  chloride. 
(X  C.) 


'fr^ 


I: 


'■'.<.'  1^^\% 


Pig.  528.-Alloy  :  Cu  =  59-7  o/,  ;    Fig.  529.-Alloy  :  Cu  =  79-4  %  :     Pig.  530.-Alloy  :  Cu  =  79-4  o/„ 

■vr;  _  qc.n  0/    .    Al  =  5*0  %.  Nl  =  20  %.  ■'>'l  —  ^^^  /o- 

As  ^att.  Annealed  at  760°  C.  As  cast. 


Etchant :  Acid  ferric  chloride. 
(X4.) 


Etchant :  Acid  ferric  chloride. 
(X4.) 


Etchant :  Acid  ferric  chloride, 
(x4.) 


PRINCIPLES   AND   TECHNIQUE  265 

1.  A  physical  phenomenon,  contraction,  csiusing  piping. 

2.  A  chemical  phenomenon,  liquation,  causing  the  chemical 
segregation  of  the  constituents. 

The  change  from  the  liquid  to  the  solid  state  is  usually  ac- 
companied by  a  decrease  in  volume.  In  an  ingot,  cooling  commences 
from  the  periphery  in  contact  with  the  cold  walls  of  the  ingot  mould, 
and  at  any  given  moment  all  the  points  of  equal  temperature  are  to 
be  found  on  an  isothermal  surface,  solidification  continuing  in 
successive  layers.  Finally,  owing  to  the  contraction  on  cooling,  a 
space  or  pipe  is  produced  in  the  upper  central  section  of  the  ingot, 
this  pipe  conforming  to  the  last  solidified  portions  of  the  ingot. 

But  it  has  been  shown  that  the  solidification  of  an  alloy,  instead 
of  occurring  at  any  definite  temperature,  occurs  over  a  given  and 
often  comparatively  wide  range  of  temperature,  and  that  the 
composition  of  the  solid  phase  differs  from  that  of  the  liquid  phase. 
In  the  case  of  the  deposition  of  a  solid  solution,  as  in  steels,  this 
difference  is  lessened  by  slow  and  incomplete  diffusion.  Again,  as 
previously  stated,  the  cooling  of  an  ingot  occurs  from  the  periphery 
inwards,  leaving  the  residual  liquid  in  the  interior  ;  thus,  in  the  case 
of  steel,  owing  to  carbon  and  the  other  elements  (Mn,  S,  P)  lowering 
the  melting  point,  the  composition  of  the  liquid  phase  will  be  found 
to  be  higher  in  these  elements  than  the  solid  phase.  The  direct 
result  is  an  enrichment  in  carbon  and  the  various  impurities  in  the 
last  portions  of  the  metal  to  solidify.  This  enrichment  is  termed 
segregation,  and  the  impurities  which  are  found,  as  previously 
stated,  in  the  regions  round  the  bottom  and  sides  of  the  pipe. 

In  practice  the  segregation  is  incorrectly  termed  the  pipe, 
thereby  giving  the  name  of  the  cavity  to  the  material  surrounding 
that  cavity. 

The  resulting  ingot  will  be  of  heterogeneous  composition,  the 
final  distribution  of  the  constituents  being  dependent  on :  the 
temperature  and  the  rate  of  casting,  the  nature  of  the  metal,  the 
viscosity  of  the  liquid,  the  form  of  the  ingot  mould,  the  amount  of 
agitation  or  movement  produced  by  the  liberation  of  gas,  the  shape 
and  distribution  of  the  isothermal  surfaces  relative  to  the  outside  of 
the  ingot,  and  also  on  certain  special  processes  introduced  with  the 
object  of  decreasing  the  piping — compression  method  (Harmet), 
local  heating  (Hadfield,  Rimer,  the  Gutehoffnungshutte,  etc.). 

The  distribution  of  any  given  element,  manganese,  for  example, 
will  be  defined  by  the  outline  of  the  points  possessing  the  same 
manganese  content,  termed  by  Osmond  ^  the  isochemical  surfaces. 

By  cutting  through  these  surfaces  along  one  of  the  diametrical 
planes  of  the  ingot,  and  analysing  surface  samples  from  all  positions, 
it  is  possible  to  obtain  a  series  of  isochemical  curves  on  the  surface 

^  Introduction  a  la  connaissance  des  metaux  ;  Com.  des  methodes  d'essai,  1894. 
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of  the  section  of  the  ingot.  Wiist  and  Felser  i  have  traced  the  dis- 
tribution curves  for  C,  Mn,  S,  and  P,  in  Marten  and  Thomas  steel 
ingots  (looo  to  250  kilogrammes)  in  this  manner  (Fig.  516,  PL 
XCVIIL,  p.  262).  Silicon,  however,  shows  no  tendency  to  liquate. 
It  must  also  be  noted  that  in  an}^  given  instance  the  distribution 
of  the  isochemical  surfaces  is  dependent  on  the  distribution  and 
displacement  of  the  isothermal  lines  as  well  as  the  segregation  and 
rate  of  diffusion  of  the  various  elements  ;  and  these  surfaces  are 
transformed  by  rolling  into  similar  surfaces,  which  give  varying 
isochemical  curves  in  different  sections. 

Neglecting  for  the  moment  inclusions,  porosity,  and  other  causes 
of  local  attack  or  etching,  it  is  possible  to  consider  that  the  macro- 
graphic  images,  or  curves  of  similar  etching  qualities,  correspond 
approximately  with  the  isochemical  curves  (this  is  not  absolutely 
correct,  as  the  isochemical  curves  for  phosphorus  are  not  necessarily 
the  same  for  manganese,  etc.). 

It  is  to  be  observed  that  the  deformation  of  the  isochemical 
curves  due  to  rolling  does  not  correspond  with  the  exterior  deforma- 
tion of  the  ingot.  This  is  no  doubt  to  be  explained  by  the  relatively 
lower  malleability  of  the  segregated  portion  of  the  ingot,  for  the 
initial  square  section  of  the  original  ingot  will  often  be  found  in  the 
macrographic  etching  of  sections  of  round  bars  (Fig.  540,  PI.  CVII. 
[p.  272]  ;  Fig.  558,  PI.  CXV.,  p.  274).  This  effect  persists  even  in 
fine  wire. 

Deductions. — From  the  chemical  standpoint,  the  etching  test 
reveals  the  segregations  in  cast  or  forged  metal,  in  other  words,  the 
impure  portions  of  the  material,  and  outlines  the  distribution  of 
these  impurities.  It  should  therefore  serve  as  a  preliminary  to  all 
complete  examinations  of  any  material,  and  afford  considerable 
assistance  in  the  selection  of  representative  samples  for  chemical, 
mechanical,  or  other  examinations. 

With  wrought  irons  and  welding  irons,  the  etching  test  gives 
a  banded  image,  and  this  fact  enables  information  to  be  obtained 
as  to  : 

1.  The  conditions  governing  systematic  deformation. 

2.  The  forging  and  welding  processes  to  which  any  given  article 
has  been  subjected. 

Chapter  VI.  deals  with  typical  examples  of  this  type  of  test. 

B.  MACROSTRUCTURE 
General  Outline. — It  has  been  shown  that  the  structure  of  metals 
and    alloys    is    formed    during    solidification.     This    solidification 
structure  or  primary  structure  is  afterwards  modified  or  destroyed, 

^  Influence  de  la  segregation  sur  la  resistance  des  aciers  :  Congres  de  Metallurgie 
de  Dusseldorf,  1910. 


CIV. 
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(C  =  l-15%:  Cr  =  70%.) 

Fig.  531. — Dendrites  appearing  in  relief  on  the 
surface  of  a  steel  ingot  which  has  heen  slowly 
cooled  under  a  layer  of  slag.     (N.  J.  Belaiew.) 
(Xl.) 


(Cu  =  80;  Ni  =  20.) 
Fig.  532. — Dendrites  appearing  in  relief 
on  the  surface  of  a  small  oupro-nickel 
ingot. 

(XI.) 


Fig.  533. — Macrostructure  of  a  dendritic  crystal  obtained  from  the  inside 

of  the  pipe  of  a  steel  ingot.     (N.  J.  Belaiew.) 

(X3.) 


PI.  cv. 


MACROSTRUCTURE   OF  STEELS. 

(N.  J.  Belaiew.) 


Fig.  534.— 0-45  %  C.  steel. 

Quenched  from  850°  C.  and  reheated 

to  550^^  C. 

(X5.) 


Fig.  535.— 1-04  %  C.  steel. 

Chill  cast. 

(X5.) 


Fig.  586.— Transverse  section.  Fig.  537.  -Longitudinal  section. 

Figs.  53G-537.— 0-69  %  C.  steel,  hammered  out. 
Etchant :  2  %  picric  acid  in  alcohol  for  30  minutes. 
(Xij.) 
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during  the  transformations  which  occur  in  the  soUd  alloy,  by  heat 
treatment  and  also  by  mechanical  treatment  to  which  the  alloy 
may  be  subjected.  Frequently  this  primary  structure  has  a  limiting 
or  directing  chemical  or  crystallographic  influence  on  the  modi- 
fications that  may  occur  later,  thus  producing  a  form  of  hereditary 
effect  on  the  structure  ;  it  is  therefore  important  to  know  and 
recognise  such  structures.  It  has  also  been  shown  that  the  size 
of  the  particles  constituting  the  structure  is  dependent,  other  con- 
ditions being  constant,  on  the  speed  of  the  transformation  at  their 
formation ;  and,  more  especially,  that  the  particles  of  primary 
solidification  may  under  certain  conditions  be  sufficiently  large  to 
be  visible  to  the  naked  eye.  This  latter  condition  arises  with  steels 
and  other  commercial  alloys  where  the  ingots  are  of  sufficient  size 
and  the  rate  of  cooling  is  not  too  great.  Microscopical  examination 
wiU  then  determine  all  changes  of  structure  due  to  transformations 
and  secondary  recrystallisation,  but  will  not  reveal  the  original 
outlines  of  the  primary  structure.  In  such  cases  it  is  advisable  to 
make  a  more  general  examination  in  which  a  greater  area  is  embraced 
in  order  to  judge  the  structure  as  a  whole,  since  certain  mechanical 
properties  are  frequently  dependent  on  this  general  structure. 
Thus,  it  is  obvious  that  the  exclusive  use  of  the  microscope  and 
photographs  obtained  by  that  means  only  enables  detailed  informa- 
tion to  be  gained  and  will  not  offer  information  on  the  general 
structure  and  those  properties  dependent  on  that  structure. 

The  logical  method  of  investigation  is  for  the  macroscopic  examina- 
tion to  precede  the  microscopic  examination  of  any  specimen.  In 
other  words,  the  specimen  should  be  carefully  examined  with  the 
naked  eye  before  interposing  a  magnifying  apparatus  between  it 
and  the  eye. 

The  above  statement  leads  directly  to  a  brief  review  of  the 
macrostnicture  of  aUoys  of  uniform  chemical  composition,  chemical 
heterogeneity  or  segregation  having  been  considered  under  etching 
tests.  Alloys  in  the  cast  state  will  be  considered  since,  except  in 
special  cases,  it  is  the  primary  structure  due  to  solidffication  that 
appears  as  the  macrostructure.  Subsequently  a  brief  account 
will  be  given  of  the  modifications  occurring  in  steels  due  to  heat  and 
mechanical  treatment. 

Ingots  in  the  Cast  Condition. — It  has  been  shown  that  during 
the  formation  of  solid  solutions — which  embraces  most  commercial 
alloys,  as  steels,  brasses,  bronzes,  aluminium  bronzes,  nickel  silvers, 
etc. — dendrites  are  formed,  the  mutual  limitations  of  which  con- 
stitute the  crystal  grains  ;  and  further,  that  the  material  is  hetero- 
geneous owing  to  the  slow  rate  of  diffusion  in  the  solid  state,  the 
original  axes  of  the  dendrites  solidifying  first  being  of  different 
composition  to  the  outer  layers  solidifying  later.     Therefore  it  is 
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possible  to  reveal,  either  the  dendritic  structure,  which  appears 
owing  to  the  chemical  heterogeneity,  or  the  crystal  grain  structure, 
on  the  surface  of  a  section  of  an  ingot  or  other  cast  material  by 
means  of  any  suitable  reagent. 

Apart  from  work  on  steels,  very  little  work  has  been  published 
on  the  macrostructure  of  alloys.  The  authors  have  therefore 
included  several  photographs  from  an  unpublished  paper  on  the 
macrostructure  of  copper  alloys.  Fig.  518,  PI.  XCIX.  shows  a 
section,  on  a  reduced  scale,  of  a  sand-cast  aluminium  bronze,  in 
which  the  crystal  grains  are  clearly  visible.  Such  grains  are  even 
larger  in  Fig.  524,  PI.  CIL,  which  illustrates  a  brass  casting  from  a 
sand  mould  with  four  branches  ;  the  elongation  and  orientation  of 
the  grains  at  the  periphery  will  be  observed.  This  effect  is  shown 
much  more  clearly  in  chill  castings.  Fig.  519,  PI.  C,  is  a  photograph 
of  commercial  zinc,  and  Figs.  64,  65,  PI.  V.,  illustrate  the  difference 
between  sand  and  chill  casting  in  the  case  of  a  brass  containing  58 
per  cent.  Cu,  while  a  similar  effect  is  shown  in  Figs.  520,  521,  PI.  C. 

In  all  these  instances,  it  is  the  outline  of  the  grains  that  is  visible 
owing  to  the  varying  reflecting  power  and  coloration  of  the  grains. 
The  dendritic  structure  easily  visible  in  the  grains  is  not  well  defined 
in  the  photograph.  Fig.  519,  PI,  C,  but  the  dendrites  and  the  grain 
outline  may  be  seen  in  Fig.  522,  PI.  CL  (cupro-nickel  slowly  cooled). 
In  other  cases  the  dendrites  are  visible.  Figs.  525-530,  Pis.  CIL, 
cm.,  show  a  series  of  cupro-nickel-aluminium  alloys  at  low  magni- 
fications (  X  4-  X  6) ,  and  the  dendritic  outlines  appear  either  light  or 
dark  (the  inversion  occurs  on  passing  from  oblique  to  vertical 
illumination) . 

These  dendrites  are  also  visible  on  the  exposed  surface  (top)  of 
ingots,  especially  when  this  surface  is  protected  by  some  suitable 
molten  cover  (slag  in  the  case  of  steel)  ;  for,  owing  to  the  contraction 
occurring  during  cooling,  the  dendritic  axes,  which  are  the  first  to 
solidify,  appear  on  the  surface  in  relief  forming  tree-like  structures. 
Examples  are  shown,  in  the  case  of  copper  alloys  :  Fig.  523,  PI.  CI. 
(bronze).  Fig.  532,  PI.  CIV.  (cupro-nickel),  slowly  cooled;  and  in 
the  case  of  steel :  Fig.  531,  PI.  CIV.,  illustrating  a  chrome  steel 
ingot,  the  original  of  which  is  due  to  the  work  of  N.  J.  Belaiew, 
while  several  of  the  later  illustrations  are  from  the  same  source. 
The  "steel  crystals"  found  in  pipes  separate  in  a  similar  manner, 
that  described  by  Tschernoff  being  the  best  known  example  (Fig.  63, 
PI.  v.,  p.  72),  and  this  leads  directly  to  the  more  detailed  examination 
of  the  macrostructure  of  steels.  Research  of  this  nature  has  recently 
been  carried  out  in  Russia  by  Captain  N.  T.  Belaiew,  Engineer  N.  J. 
Belaiew,  and  Bielinsky.  In  the  following  description  the  authors 
have  attempted  to  combine  their  own  researches  with  the  above 
although  the  two  are  not  in  complete  agreement. 
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MACROSTRUCTURE   OF   CAST  STEEL 

To  reveal  the  structure  the  poUsh  must  be  sufficiently  perfect 
to  ensure  that  no  scratches  are  visible  to  the  naked  eye  or  at  low 
magnifications.  Etching  may  be  carried  out  with  the  usual  reagents, 
but  the  following  reagents  are  recommended  : 

1.  Two  per  cent,  solution  of  picric  acid  in  methyl  alcohol ;  the 
etching  to  occupy  several  hours  (N.  J.  Belaiew). 

2.  One  per  cent,  aqueous  solution  of  neutral  copper-sulphate 
(Bielinsky).  The  examination  is  made  after  the  deposition  of  the 
copper  caused  by  the  etching  (dendritic  structure)  ;  again  after  re- 
moving the  deposit  by  washing  (reticular  and  dendritic  structure)  ; 
and  a  final  examination  after  slight  rubbing  down  on  fine  emery 
paper  (granular  and  reticular  structure). 

The  results  obtained  with  these  two  reagents  will  be  considered 
later.  The  first  reveals  the  structure,  which  N.  J.  Belaiew  terms 
macrostructure,  and  N.  T.  Belaiew  terms  "  large  crystal  structure," 
which  is  merely  the  dendritic  structure  due  to  primary  solidification, 
and  is  revealed  owing  to  the  chemical  heterogeneity  of  the  sohd 
solution  formed  during  solidification.  This  may  also  be  described 
as  the  varying  concentration  of  the  constituents  of  the  solid  solution 
in  the  first  and  last  portions  to  soHdify,  the  axes  of  the  dendrites 
constituting  the  lines  of  minimum  concentration  (Fig.  533,  PI.  CIV., 

Figs.  534-537,  PI-  CV.). 

The  term  "large crystal  structure  "  results  from  the  crystals  found 
in  pipes,  which  have  already  been  described,  and  from  the  outward 
form  of  such  crystals  as  shown  by  Fig.  533,  PI.  CIV.  In  the  interior 
of  an  ingot  this  connection  is  shown  by  the  areas  corresponding  to 
faces,  fractures,  or  sections  revealed  by  etching.  The  visibility  of 
this  macrostructure  is  dependent  on  the  rate  of  solidification, 
which  varies  more  especially  from  the  periphery  to  the  centre  of 
the  ingot.  The  size  of  the  dendrites  varies  inversely  to  the  carbon 
content. 

3.  Stead — Le  Chatelier  Cuprous  Reagent.— This  reagent,  the 
composition  of  which  is  given  below,  deserves  special  mention. 
First  suggested  by  Stead  for  revealing  the  phosphide  areas  in 
steels,  it  has  been  further  used  by  H.  Le  ChateHer  and  Lemoine, 
who,  after  showing  that  it  also  reveals  the  unequal  distribution 
of  manganese  in  the  steel,  have  defined  the  conditions  of  use 
and  preparation  of  this  reagent,  and  have  suggested  the  following 
formula  : — 


Pure  methyl  alcohol 

100  c.c. 

Water               

18  c.c. 

Hydrochloric  acid,  cone. 

2  C.C. 

CuCl„2H,0     ..                       

I  grm. 

MgCl,,6U^O 

4  grms 

270  MACROGRAPHY  ^ 

Ethyl  alcohol  may   also   be  used,    according  to   the  following 
formula  suggested  by  H.  Le  Chatelier  :^ 


Ethyl  alcohol,  95° 

Water 

Hydrochloric  acid,  cone. 

CuCla.aHaO     .  . 

Picric  acid 


100  c.c. 
10  c.c. 

2  c.c. 

I  grm. 
0-5  grm. 


The  relative  proportions  of  alcohol  and  water  must  be  accurate 
if  a  good  result  is  to  be  obtained.  The  etching  is  performed  by 
wetting  the  polished  surface  with  the  reagent,  observing  the  progress 
of  etching,  and  stopping  the  reaction  when  required  by  washing 
the  specimen. 

In  practice  the  action  of  this  reagent  appears  to  be  affected  by 
all  the  elements  in  solid  solution  in  the  steel,  and  it  is  therefore  an 
extremely  suitable  reagent  for  revealing  the  primary  macrostructure 
due  to  the  dendritic  structure  of  primary  solidification.  With 
polished  surfaces  of  large  area  the  following  method  of  operation 
will  be  found  convenient :  the  surface  is  completely  covered  with 
copper  by  immersion  in  the  reagent,  after  which  the  macrostructure 
is  revealed  by  gentle  rubbing  with  a  cloth  impregnated  with  paste 
or  metal  polish.  The  sections  shown  in  Figs.  559,  560,  PI.  CXVI. 
(p.  274),  have  been  prepared  in  this  manner. 

Effect  of  Heat  Treatment.— The  usual  heat  treatments — anneal- 
ing, quenching,  tempering— do  not  affect  the  macrostructure,  for  the 
original  structure  showing  the  unequal  concentration  of  the  original 
solid  solution  persists,  owing  to  the  negligible  effects  produced  by 
diffusion.  The  macrostructure,  however,  shown  by  etching  with 
picric  acid  shows  up  particularly  clearly  after  quenching  at  goo°  C. 
in  water  and  tempering  to  650°  C,  as  already  described  by  Osmond. 

Effect  of  Mechanical  Treatment. — On  the  other  hand,  mechanical 
treatment  at  high  temperatures,  such  as  forging,  rolling,  etc., 
completely  deforms  the  macrostructure  and  brings  about  the  align- 
ment of  the  dendritic  outlines  in  the  direction  of  elongation  of  the 
metal.  This  fact  is  shown  in  Figs.  536,  537,  PI.  CV.,  which  illustrate 
transverse  and  longitudinal  sections  of  a  forged  bar,  5  centimetres 
in  diameter,  obtained  from  a  10  cm.  xio  cm.  ingot,  in  which  the 
"  fibres  "  of  the  original  metal  are  clearly  visible.  These  are  the 
"  flow  lines  "  that  Cloup  ^  has  mentioned  in  connection  with  forged 
and  stamped  steel.  Contrary  to  the  usually  accepted  statement, 
rolling  or  forging  does  not  "produce"  or  "create"  these  lines; 
they  already  exist  before  such  operations,  but  are  entangled  and 
have  no  definite  parallel  orientation — this  general  direction  is  given 
to  them  by  the  above  treatment  (Fig.  547,  PI.  CX.,  p.  272  ;  Figs. 
559,  560,  PI.  CXVI.  ;   Figs.  561,  562,  PI.  CXVIL,  p.  274). 

*  Rev.  de  Met.,  vol.  vii.  p.  605,  1910. 
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It  is  probable  that  the  variations  in  the  mechanical  properties 
of  cast  and  rolled  steels  of  the  same  chemical  composition  and  the 
same  microscopic  structure  are  related  more  especially  to  the  varia- 
tions in  macrostructure,  and,  as  already  mentioned,  these  differences 
will  persist  after  the  heat  treatment  to  which  the  metal  may  be 
subjected. 

The  macroscopic  outline  combined  with  the  effects  produced  by 
inclusions  explain  the  difference  in  properties  of  steel  obtained  from 
samples  taken  longitudinally  and  transversely  to  the  direction  of 
forging. 

Secondary  Structure. — It  has  been  shown  that  the  chemical 
heterogeneity  of  the  solid  solution  produced  by  primary  solidification 
tends  to  the  formation  of  a  dendritic  structure.  A  brief  description 
must  now  be  given  of  the  subsequent  transformations,  viz.  separa- 
tion of  the  pro-eutectoid  constituents  and  the  formation  of  pearlite. 
The  pro-eutectoid  constituents,  ferrite  and  cementite,  separate  along 
the  edges  of  the  grains  of  the  iron-carbon  solid  solution,  forming  a 
network,  in  addition  to  which  the  separation  may  be  completed  in 
the  interior  of  these  grains  (Widmanstaetten  structure)  ;  it  is  this 
that  constitutes  the  Bielinsky  "  reticular  structure,"  1  which  appears 
after  removing  the  copper  deposit  produced  by  his  reagent. 

If,  after  the  above  operation,  the  surface  is  rubbed  with  fine 
emery  paper  (000),  the  "  granular  structure  "  (French  "  structure 
grenue  ")  appears,  and  consists  of  small  reflecting  surfaces,  the  bright- 
ness of  which  varies  with  the  direction  of  illumination.  This  is, 
in  the  authors'  opinion,  the  actual  crystalline  structure  of  the  steel, 
and  corresponds  to  the  a  iron  and  the  pearlite  grains.  It  is  directly 
related  to  the  structure  obtained  on  fracturing  steel  at  ordinary 
temperature. 

Such  structures  will  obviously  be  visible  macrographically  if 
the  conditions  during  their  formation  are  such  as  to  enable  them 
to  become  sufficiently  developed. 

Bielinsky  1  has  examined  the  relations  between  these  various 
structures. 

Conclusions. — The  stability  of  the  macrostructure  after  heat 
treatment  shows  that  it  is  dependent  on  the  solidification  conditions 
and  illustrates  the  "  hereditary  "  effect  of  this  operation  on  the 
properties  of  the  steel.  The  changes  produced  in  the  macrostructure 
by  mechanical  treatment  at  high  temperature  afford  some  explana- 
tion of  the  resulting  effect  produced  on  the  mechanical  properties. 
Finally,  the  examination  of  the  macrostructure  after  such  treatment 
provides  valuable  information  as  to  the  effects  produced  and, 
inversely,  may  offer  considerable  assistance  in  the  choice  of  the 
most  suitable  treatment. 

^  Rev.  de  Sociiti  russe  de  Met.,  pp.  396-426,  1912. 


CHAPTER   VII 

THE   INDUSTRIAL   APPLICATIONS   OF   MACRO- 
GRAPHIC   EXAMINATION 

Macrographic  examination  may  constitute  a  separate  examination 
or  may  be  used  as  a  preliminary  to  a  chemical  or  mechanical  exami- 
nation of  any  material.  In  the  case  of  steel,  it  reveals  segregation 
and  local  defects ;  with  welded  articles,  it  shows  up  the  welding 
lines  and  the  varying  composition  of  the  material  surrounding  the 
weld  or  the  welding  material ;  with  wrought  iron  or  welding  iron,  it 
serves  to  indicate  the  method  of  forging  and  indirectly  constitutes 
a  method  of  examining  the  sequence  of  operations  for  any  systematic 
deformation.  The  macrostructure  shows  the  method  of  forging 
equally  well  in  the  case  of  homogeneous  steel. 

Examples  are  given  of  various  typical  instances  ;  several  of  these 
examples  have  been  obtained  from  Fremont's  paper  on  this  subject. 

I.  Examination  of  Segregation. — It  has  been  shown  (p.  263) 
that  the  etching  tests  and  contact  processes  (sulphur  prints)  reveal 
the  impure  sections  and  inclusions  in  the  material  which  result  from 
the  chemical  inequality  due  to  liquation.  In  this  manner  differences 
in  steel  rail  sections  formed  from  the  top  and  bottom  portions  of  an 
ingot  are  clearly  revealed  (Figs.  538,  539,  PI.  CVL). 

To  reduce,  or  eliminate,  the  amount  of  segregation,  the  amount 
of  reject  from  the  ingot  ("  crop  ")  is  increased  ;  but  it  must  be 
noted  that  the  shape  and  size  of  the  pipe  is  governed  by  many 
factors  such  as,  the  purity  of  the  metal,  the  shape  of  the  mould,  the 
method  of  casting,  and  also  by  various  operations  connected  with 
the  local  heating  or  cooling  of  the  ingot  during  casting,  and  even  by 
mechanical  methods  such  as  compression  (Harmet  process). 

Moreover,  the  presence  of  constituents  from  the  segregated 
portion  of  an  ingot  may  not  only  lower  the  average  quahty  of  the 
metal,  but  may  also  lead  to  the  formation  of  faults  and  surface 
cracks  in  the  material  which  slowly  increase  in  size  and  importance 
and,  after  continual  service,  eventually  extend  to  the  other  sections 
of  the  material,  causing  sudden  fractures  during  use  (Fig.  540,  PI. 
CVIL,  and  Fig.  542,  PI.  CVIIL). 

Several  serious  accidents  caused  by  the  fracture  of  steel  plate 
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PI.  CVI. 


ETCHING  TESTS  SEGREGATION  EFFECTS. 
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PI.  evil. 


ETCHING  TESTS— SEGREGATION  EFFECTS  (conL] 


Fig.  540. — Section  of  steel  bar  fiacturcd  in  use.     (PnihiONT.) 
Slow  ctcliing. 


Fig.  541.--  Sheet  steel  fractured  in  use.'    (FBiMONT.) 


CVIIl. 


ETCHING  TESTS— EFFECTS  DUE  TO  INCLUSIONS. 


Fig.  542. — ^Section  of  an  automobile  axle-arm  which  has  fractured  in  use, 
showing  the  lines  of  inclusions  and  the  accumulation  of  these  inclusions  near  the  fracture. 

Etching :  Slow  etching  followed  by  slight  repolishing. 


PL  CIX. 


ETCHING  TESTS— EFFECT  OF  MECHANICAL  DEFORMATION  AND  THE 
METHOD  OF  MANUFACTURE. 


Fig.  543. — Illustrations  of  mechanical  deformation. 

Successive  stages  in  the  stamping  of  a  puddled  iron  har.     (Pkkmont.) 
Eapid  etching  in  concentrated  hydrochloric  acid. 

Figs.  544-545. — Influence  of  the  method  of  manufacture  on  the  arrangement 
of  the  flow-lines  of  the  metal. 

Rivets  flattened  hot.     (Fremont.) 


Fig.  544. — Hand  hammered. 


Fig.  545. — Machine  hammered. 


ex. 


ETCHING   TESTS— INFLUENCE   OF  THE   METHOD   OF  MANUFACTURE. 


Fig.  546. — Various  sections  of  steel  which  have  been  welded  and  then  pressed  flat 

to  determine  the  quality  of  the  welds. 

Etchant :  Prolonged  etching  with  Benedicks'  reagent. 


Fig.  5-17. — Silico-mauganese  steel. 
Longitudinal  section. 
Etchant  :  Benedicks'  reagent. — Oblique  illumination. 
(X  5.) 


Fig.  548. — Forged  section 
with  welded  inset. 


PI.  CXI. 


ETCHING  TESTS— INFLUENCE  OF  THE  METHOD   OF   MANUFACTURE. 


cxir. 


ETCHING  TESTS— INFLUENCE  OF  THE  METHOD   OF  MANUFACTURE. 


Fig.  551. — Chain  link. 
Etchant ;  Iodine  solution. 


Fig.  552. — ■Portion  of  an  automobile 
connecting-rod. 

Etchant:  Iodine  solution. 


f^^^^^^'i  /' 


Fig.  553. — End  of  automobile  cardan  shaft.     Slow  etching. 


PI.  CXIII. 


ETCHING   TEST— INFLUENCE   OF   THE   METHOD   OF   MANUFACTURE 
AND   HETEROGENEOUS  COMPOSITION. 


Fig.  554. — Stoel  bolts,  fractured  whilst  iu  use  owing  to  segregation,  slag 

large  crystalline  structure  and  method  of  manufacture. 

Etchant :  Prolonged  etching  with  picric  acid. 
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have  been  investigated  and  explained  by  Fremont  as  the  result  of 
the  presence  of  such  segregation  (Fig.  541,  PI.  CVII.). 

The  liquation  in  cast  alloys  may  be  similarly  observed  in  the 
case  of  copper  alloys.  The  illustration  (Fig.  517,  PI.  XCVIII., 
p.  262)  shows  the  cross  section  of  a  bronze  bearing  containing  lead  ; 
after  polishing  the  lead  appears  as  isolated  particles. 

2.  Application  to  Chemical  and  Mechanical  Tests. — The  etching 
test  gives  a  clear  indication  of  the  chemical  heterogeneity  of  the 
material  but  does  not  enable  a  quantitative  determination  of  the 
composition  or  properties  to  be  obtained,  it  merely  outlines  the 
heterogeneous  area,  which  should  then  be  subjected  to  the  necessary 
chemical  and  mechanical  tests. 

(i)  Chemical  Analysis. — Any  systematic  analytical  examination 
should  be  preceded  by  an  etching  test ;  that  is,  for  any  given  section, 
the  sample  for  analysis  should  be  chosen  after  the  macrographic 
examination.  Failure  to  obtain  a  representative  sample  is  one  of 
the  most  frequent  causes  of  not  obtaining  concordant  results  from 
analyses.  If  the  average  or  mean  analysis  is  required  it  is  preferable 
to  obtain  the  sample  from  the  whole  surface  by  sawing  or  planing 
instead  of  taking  drillings  from  various  points. 

If  the  material  is  to  be  examined  microscopically  as  well  as 
chemically,  the  samples  should  be  taken  from  the  same  area,  the 
macrographic  structure  serving  as  a  guide  in  their  selection. 

(2)  Mechanical  Tests. — ^The  results  obtained  from  the  etching 
tests  should  be  verified  by  impact  tests  on  notched  bars  (Heyn, 
Fremont).  The  examination  of  small  impact  test  pieces  obtained 
from  different  areas  show  considerable  differences  in  mechanical 
properties  due  to  chemical  heterogeneity. 

3.  Examination  of  Various  Processes  oJ  Manufacture  (soldering, 
brazing,  welding,  cementation). — The  etching  test  will  show  whether 
the  material  has  been  welded  and  also  whether  the  materials  joined 
together  in  this  manner  are  of  different  composition.  Examples 
are  shown  in  Figs.  546-548,  PI.  CX. 

Also  with  case-hardened  material  the  thickness  of  the  case  may 
be  easily  seen  in  a  section  of  the  metal  (unquenched)  after  simple 
polishing  and  etching  in  picric  acid.  An  examination  by  concen- 
trated oblique  light  reveals  the  pure  pearlite  areas,  the  brilliant 
cementite  needles  and  the  clear  unetched  grains  of  ferrite  ;  there- 
fore it  is  even  possible  to  form  an  estimation  of  the  distribution  of 
carbon  in  the  cemented  zone. 

4.  Examination  of  the  Internal  Method  of  Deformation  during 
the  Mechanical  Treatment  of  the  Metal. — By  examining  material 
which  is  distinctly  heterogeneous,  such  as  welding  iron,  the  etching 
test  may  be  used  as  an  indirect  method  of  examining  the  successive 
stages  of  deformation. 

T 


274  MACROGRAPHY 

The  different  results  obtained  by  hand  and  machine  riveting 
may  be  shown  in  this  manner,  by  etching  tests  on  longitudinal 
sections.  In  a  similar  manner,  Fremont  has  shown  that  the  deforma- 
tion and  fracture  produced  by  stamping  and  shearing  are  due  to 
tensile  stresses  and  not  shearing  stresses  as  previously  supposed. 
Fig.  543,  PI.  CIX.,  illustrates  the  effects  produced  at  successive 
stages  in  the  stamping  of  flat  sheet  iron,  in  which  etching  tests  have 
been  carried  out  on  sections  cut  through  the  axes  of  the  holes  after 
stamping.  The  results  obtained  from  such  tests  have  caused 
Fremont  to  consider  the  relation  between  the  shearing  stress  and 
ultimate  tensile  stress  for  any  material ;  the  results  are  proportional 
in  the  case  of  ordinary  structural  steel. 

5.  Examination  of  the  Method  of  Forging  or  Manufacture.— 
This  examination  is  the  inverse  of  that  described  above  ;  the  method 
of  deformation  is  to  be  investigated  and  the  final  result  affords  the 
only  data  obtainable. 

(a)  With  extremely  heterogeneous  material — puddled  iron, 
wrought  iron,  welding  iron — the  etching  test  will  show  the  arrange- 
ment of  the  flow  lines  very  clearly  and  the  method  of  forging  may 
be  readily  deduced  ;  therefore  this  test  may  be  used  as  a  method  of 
control  or  examination  when  any  definite  process  of  forging  is 
required.  Figs.  549,  550,  PI.  CXI.,  illustrate  tests  carried  out  on 
railway  coupling  links.  The  link  shown  in  Fig.  550  had  fractured 
whilst  in  use ;  the  hook,  instead  of  being  forged  according  to 
the  specification,  had  been  cut  and  bent  out  from  the  material  forming 
the  body  of  the  link. 

Fig.  551,  PI.  CXIL,  illustrates  a  chain  link.  Figs.  544,  545,  PI.  CIX., 
hot  flattened  rivets.  Fig.  554,  PL  XCIIL,  steel  bolts,  Figs.  552,  553, 
PI.  CXIL,  automobile  parts.  Figs.  559,  560,  PI.  CXVL,  sections  of 
automobile  connecting-rods.  Figs.  561,  562,  PI.  CXVIL,  shell  bases, 
clearly  showing  the  methods  of  manufacture  and  the  effects  produced. 

{b)  With  homogeneous  steels,  the  examination  of  the  macro- 
structure  at  low  magnifications  by  means  of  a  hand  magnifying 
glass  enables  information  of  a  similar  nature  to  be  obtained  from 
the  distribution  and  arrangement  of  the  flow  lines  of  the  metal. 
Figs.  552,  553  illustrate  sections  of  automobile  parts. 

By  similar  tests,  of  longitudinal  sections,  it  is  possible  to  discover 
whether  an  automobile  crankshaft  has  been  forged  or  merely 
machined  to  shape,  the  latter  being  an  unsatisfactory  method  of 
manufacture.  Further  examples  may  be  found  in  the  previously 
quoted  paper  by  Cloup. 

6.  Quenched  Articles. — A  brief  account  of  the  examination  of 
quenched  articles  must  now  be  given  to  render  this  description 
complete.  Quenched  sections  are  rarely  examined  owing  to  the 
difficulties  encountered  in  obtaining  such  sections  in  an  unaltered 


PI.  ex  IV. 


EFFECT   OF  HEAT   TREATMENT. 


Fig.  555. — Transverse  section  of  a  case-hardened  steel  bar. 
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Fig.  556. — Longitudinal  section  of  a  steel  shell  that  has  been  heat  treated  and  fired. 


PI.  cxv. 


SULPHUR  PRINTS  ON  BROMIDE  PAPER-SEGREGATION. 


Fig.  557. — Segregation  in  a  medium  carbon  steel  showing 
the  distribution  of  sulphur. 


Fig.  558. Segregation  in  a  medium  carbon  round  steel  bar. 

'  The  dark  sulphide  area  is  clearly  sho\vn. 


PL  CXVI. 


MACROSTRUCTURE  OF  FORGED  STEEL. 
Etchant :  Stead-Le  Chatelier  reagent. 


Figs.  559-560.- — Sections  of  automobile  connecting-rods. 
Stamped  medium  carbon  steel. 


PI.  CXVII. 


MACROSTRUCTURE  OF  FORGED  STEELS  (cont.). 
Etchant  :  Dilute  sulphuric  acid,  20  %  H0SO4  at  80°  C. 


Figs.  5G1-562. — Forged  75  mm.  shell  bases. 
Stamped  by  two  different  methods. 
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condition,  for  the  operation  can  only  be  performed  by  a  skilled 
operator,  and  the  method  of  cooling  the  surface  during  preparation 
must  be  extremely  efficient  (water  sprays,  etc.)  ;  moreover,  the 
preparation  of  large  sections  of  this  nature  becomes  very  expensive. 

Polishing  and  etching,  as  for  microscopical  examination,  reveal, 
in  the  case  of  a  chemically  homogeneous  quenched  steel,  a  hetero- 
geneity due  to  quenching  which  may  be  observed  even  with  small 
sections  showing  dark  patches  or  lines,  and  indicating  the  troostite 
areas.  Therefore,  in  every  case,  it  is  advisable  to  examine  the 
general  outline  of  the  macrostructure  before  proceeding  to  the 
microstructure ;  for  by  this  means  the  effects  produced  by  the 
particular  method  of  quenching  are  clearly  revealed — agitation  of 
the  bath,  contact  of  the  articles  with  one  another  or  with  the  con- 
taining vessel,  support,  tongs,  etc.,  which  are  used  to  support  or 
agitate  the  articles  during  quenching. 

Tempering  causes  the  coloration  produced  by  the  etching 
reagent  to  be  uniform,  while  local  tempering  is  shown  by  darker 
coloration  on  etching  ;  but,  as  a  general  rule,  the  most  severely 
quenched  sections  (martensite)  are  the  least  affected  (coloured)  on 
etching.  Further  information,  however,  will  be  found  in  the 
description  of  the  constituents  of  quenched  steels. 

Fig.  556,  PL  CXIV.,  illustrates  the  section  of  a  shell  after  firing  ; 
the  portion  least  attacked  on  etching  is  the  surface  where  quench- 
ing produces  its  greatest  effect,  but  several  local  areas  will  be  seen  to 
be  more  coloured.  1 

1.  At  the  point  of  the  shell  tempering  has  occurred  owing  to 
the  heat  generated  by  impact. 

2.  Lines  across  the  surface,  which  are  also  tempered  sections  of 
the  material  caused,  either  during  the  sectioning  of  the  shell  by  an 
unequal  action  of  the  grinding  wheel,  or,  more  probably,  by  a 
momentary  overheating  due  to  the  absence  of  cooling  water. 

In  the  case-hardened  quenched  specimen  (Fig.  555,  PI.  CXIV.), 
the  phenomenon  is  more  complex,  as  there  is  a  simultaneous  reduction 
in  the  carbon  content  and  rate  of  cooling  on  passing  from  the  peri- 
phery to  the  centre  of  the  section  ;  but  the  general  result  is  a  dark 
annular  ring,  situated  a  small  distance  below  the  surface,  indicating 
troostite  and  the  lighter  surface  of  martensite.  2  The  nearer  the 
dark  annular  ring  approaches  the  surface,  the  more  rapid  the 
decrease  in  hardness  in  depth. 

^  This  is  explained  by  the  differential  coloration  of  the  constituents  of  quenched 
steels  as  shown  by  the  macroscopic  examination  of  these  constituents  (PI.  XL., 
Fig.  241). 

*  This  illustration  should  be  compared  microscopically  with  Fig.  315,  P.  XL., 
illustrating  the  edge  of  a  case-hardened  and  quenched  gear-wheel. 


CHAPTER  VIII 

SUMMARY 

This  last  chapter  will  be  confined  to  a  short  summary  of  the  in- 
formation, that  may  be  obtained  from  a  metallographic  examination, 
and  will  include  a  brief  account  of  the  various  industrial  alloys 
considered  in  the  previous  chapters. 

GENERAL  RESULTS 

1.  Examination  of  a  Polished  Section  Unetehed. — {a)  Appearance 
of  Physical  Defects. — Gaseous  inclusions  :  blow  holes,  cavities,  cracks 
(frequently  cavities  are  produced  by  the  removal  of  some  inclusion 
during  polishing  or  etching,  e.g.  graphite  in  cast  iron). 

Solid  inclusions  :  oxides  (CU2O  in  Cu,  Sn02  in  bronzes),  sulphides 
(MnS  in  steels),  slag,  graphite  in  cast  irons,  nickel  and  certain  alloys 
of  this  metal. 

(6)  Information  as  to  the  Constitution  of  the  Alloy. — Polishing 
leaves  the  harder  constituents  in  relief  (bas-relief  polishing)  ; 
cementite  and  carbides  in  ordinary  and  special  steels,  hard  consti- 
tuents (SbSn,  CusSn)  in  bearing  metals.  Prolonged  polishing  causes 
coloration  or  differentiation  in  the  appearance  of  certain  consti- 
tuents :  the  8  constituent  in  bronzes,  j8  in  brasses,  7  in  aluminium 
bronzes. 

(c)  Information  as  to  the  Chemical  Composition. — The  presence 
of  lead  particles  in  copper  alloys,  graphite  in  cast  iron. 

2.  Examination  of  a  Polished  Section  after  Etching. — (A)  Alloys 
containing  only  One  Constituent. — (a)  Information  as  to  the  chemical 
heterogeneity  which  disappears  on  annealing  :  a  solid  solution  in 
bronzes,  brasses,  aluminium  bronzes ;  solid  solutions  in  cupro-nickels, 
copper-nickel-zinc  alloys,  etc. 

(b)  Information  as  to  the  mechanical  and  thermal  treatment 
to  which  the  aUoy  has  been  subjected,  the  size  of  the  polyhedral 
structure  being  dependent  on  such  treatment :  annealed  copper, 
a  brasses,  cupro-nickels,  etc. 

(c)  Effects  produced  by  local  mechanical  treatment  causing 
heterogeneity  :   local  cold-work  and  annealing  after  local  cold-work. 

{d)  Indications  of  heat  treatment  which  may  be  deduced  from 
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the  presence  of  certain  unstable  or  transitional  constituents  : 
martensite  and  osmondite  in  steels,  martensitic  structure  in  certain 
other  alloys  affected  by  quenching. 

{e)  Information  as  to  the  mechanical  properties  of  the  material 
which  may  be  deduced  from  certain  characteristic  structures : 
martensite  in  ordinary  steels,  aluminium  bronzes,  etc.,  which  corre- 
sponds to  an  increase  in  hardness  and  tensile  strength  of  the  material 
as  compared  with  the  annealed  metal ;  martensite  in  annealed 
special  steels,  suggesting  a  high  ultipiate  strength  combined  with 
great  hardness  ;  the  polyhedral  structure  in  special  steels,  indicating 
a  high  impact  figure,  while  the  brittleness  of  all  alloys  consisting  of 
a  single  phase  is  dependent  on  the  size  of  the  crystal  grains  (cold- 
worked  metal,  overheated  metal,  alloys  with  other  metals  in  solid 
solution) . 

^letallographic  examination  affords  no  information  as  to  the 
chemical  composition  of  an  alloy  consisting  of  one  constituent, 
except  in  special  instances.  Thus,  the  presence  of  martensite  in 
annealed  steels  indicates  the  presence  of  Ni,  Mn,  or  Cr. 

(B)  Alloys  consisting  of  Two  Constituents. — {a)  Information  as 
to  the  chemical  composition  may  be  obtained  from  the  completely 
annealed  material  by  estimating  the  proportions  of  the  two  consti- 
tuents present ;  e.g.  carbon  steels,  copper-tin  alloys  a-fS,  copper 
zinc  alloys  a+j8,  aluminium-bronzes  a+y. 

(6)  Information  as  to  the  thermal  and  mechanical  treatment 
from  the  size  and  distribution  of  the  constituents  :  thus,  prolonged 
annealing  causes  coalescence — the  formation  of  banded  pearlite  in 
roUed  steels — and  there  is  extremely  fine  division  of  the  constituents 
in  material  subjected  to  severe  cold-working  (brass  pins). 

(c)  Indications  of  previous  heat  treatment,  owing  to  the  simulta- 
neous existence  of  one  constituent  in  equilibrium  and  one  unstable 
constituent  or  two  constituents  not  in  equilibrium.     Examples  : — 

I  St  Case  :  Ferrite  and  martensite  in  quenched  steels  of  low 
carbon  content. 

2nd  Case  :  jVIartensite  and  austenite  in  quenched  steels  of  high 
carbon  content,  or  martensite  and  osmondite  in  quenched  or  quenched 
and  tempered  steels. 

{d)  In  conformity  with  the  above,  heterogeneity  due  to  local 
thermal  or  mechanical  treatment.  Variations  in  structure  on 
passing  from  the  surface  to  the  interior  of  quenched  steel  specimens  ; 
also,  variations  in  the  size  of  the  constituents,  owing  to  the  effects 
produced  by  local  cold-work. 

(e)  Information  as  to  the  mechanical  properties  of  the  material 
which  may  be  deduced  from  certain  characteristic  structures,  or,  in 
other  words,  the  distribution  of  the  two  constituents.     Examples  :— 

Widmanstaetten  structure  in  steels. 
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Granular  pearlite  in  steels. 

Apparent  content  of  brasses  and  bronzes. 

Banded  structure  of  forged  and  rolled  alloys  (variations  in 
properties  in  the  two  directions). 

(/)  Information  as  to  the  chemical  treatment  to  which  the 
material  has  been  subjected  :  variations  in  the  proportions  of  the 
constituents,  formation  of  new  constituents.     Examples  :^ 

ist  Case  :  Cementation  of  ordinary  carbon  steel ;  manfacture  of 
malleable  cast  iron. 

2nd  Case :  Cementation  of  special  steels  (cementation  of  a 
pearlitic  nickel  steel  and  the  formation  of  martensite)  ;  galvanising 
and  the  formation  of  an  iron-zinc  alloy. 

(g)  Information  as  to  the  method  of  manufacture  :  puddled 
iron,  the  presence  of  slag  being  characteristic,  cast  alloys  possessing 
a  dendritic  structure,  autogeneous  welding  and  brazing,  etc, 

{h)  Information  as  to  the  imperfections  caused  by  faulty  manu- 
facture. 

Liquation,  local  carbonisation  or  decarbonisation  caused  during 
the  heating  of  steel,  dezincification  of  brass,  overheating  of  the 
material,  etc. 

{i)  Indication  of  impurities  contained  in  the  metal :  appearance 
of  a  special  constituent  in  an  alloy  which,  normally,  consists  of  a 
single  constituent :  bismuth  and  antimony  in  copper  and  a  bronzes, 
lead  in  zinc,  a  bronzes,  a  brasses,  etc. 

(C)  Alloys  consisting  of  more  than  Two  Constituents. — ^The 
information  to  be  obtained  is  similar  to  that  described  for  alloys 
containing  two  constituents. 

The  following  case  may  be  mentioned  as  being  of  considerable 
industrial  importance  :  Appearance  of  a  special  constituent  in  an 
alloy  consisting  normally  of  two  constituents  ;  phosphide  of  iron 
and  sulphide  of  manganese  in  cast  iron,  phosphide  of  copper  in 
bronzes,  CugSn  in  brasses  containing  tin. 

Special  Note. — As  a  general  rule  the  microscopical  aspect  or 
structure  is  dependent  on  factors  of  two  classes  :  chemical  composi- 
tion and  treatment ;  therefore,  in  most  cases  the  examination  of 
two  separate  specimens  is  essential,  the  one  in  the  cast  condition  or 
as  received,  the  other  in  the  completely  annealed  state. 

DETAILED  CLASSIFICATION  OF  DATA  OR  INFORMATION  TO 
BE  DEDUCED  FROM  THE  MICROSCOPICAL  EXAMINATION 
OF   VARIOUS   CLASSES   OF   ALLOYS 

Irons. — Presence  of  slag.  Size  of  grain.  Discoloration  of 
ferrite  after  etching,  owing  to  the  presence  of  impurities.  Existence 
of  Neumann's  lines  and  their  relation  to  brittleness. 
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Steels. — Presence  of  slag.  Size  of  grain.  Estimation  of  carbon 
content  (amount  of  pearlite  in  the  completely  annealed  material). 

Mechanical  7>ca/^;?ew/.— (Widmanstaetten  structure  indicating 
brittleness,  cellular  structure  indicating  normal  treatment,  banded 
distribution  of  the  pearlite,  indicating  different  mechanical  properties 
in  different  directions),  indications  of  local  cold- work. 

Thermal  Treatment. — Quenching  (martensite  of  varying  fineness, 
osmondite,  ferrite,  and  cementite  present  in  varying  quantity), 
annealing  (distribution  of  the  constituents,  granular  pearlite  and 
cementite,  large  grains),  presence  of  free  cementite  in  the  pearlite 
or  coarse  pearlite  in  overheated  steels.  Chemical  treatment : 
cementation  (distribution  of  the  pearlite  and  cementite  before 
quenching),  malleable  cast  iron  (decarburisation) . 

Cast  Iron. — Classification  of  the  cast  iron  (presence  of  graphite 
and  phosphide  of  iron),  manganese  sulphide  inclusions.  Estimation 
of  the  free  cementite  and  the  pearlite. 

Special  Steels. — Determination  of  the  characteristic  structure 
(pearlite,  martensite,  polyhedral  structure,  complex  carbides). 
Corresponding  deductions  as  to  the  mechanical  and  physical 
properties  of  the  metal.  Heat  and  mechanical  treatments.  Chemical 
treatment :   cementation.     Grain  size  (polyhedral  structure). 

Copper  and  Copper  Alloys. — Presence  of,  oxide  of  copper,  lead, 
arsenic,  bismuth,  antimony  in  copper ;  oxide  of  tin,  arsenic,  and 
antimony  in  bronzes.  Estimation  of  the  quantity  of  arsenic  in 
copper. 

Estimation  of  tin  in  the  a+5  bronzes,  of  zinc  in  the  a+^  brasses, 
of  aluminium  in  the  a+y  aluminium  bronzes.  Estimation  of  lead. 
Determination  of  the  apparent  content  of  the  special  copper  alloys. 
Information  as  to  the  mechanical  treatment  and  properties  of  the 
metal. 

Mechanical  Treatment. — Determination  of  the  method  of  manu- 
facture (cast,  forged,  rolled,  drawn,  pressed,  etc.)  ;  estimation  of 
the  amount  of  cold-work,  local  cold-work,  amount  of  annealing 
in  the  case  of  copper,  brasses,  bronzes,  cupro-nickels,  and  nickel 
silvers. 

Heat  Treatment. — Quenching,  characterised  by  a  martensitic 
structure,  especially  in  the  case  of  aluminium  bronzes ;  in  the 
annealed  state,  the  equilibrium  structure. 

Bearing  Metals. — Presence  of  a  hard  constituent,  the  quantity 
depending  on  the  conditions  of  employment.  Presence  of  com- 
pounds of  copper  and  tin  (CusSn),  antimony  and  tin  (SbSn),  of 
lead,  etc. 

It  may  be  stated  that  the  general  statements  relating  to  heat 
and  mechanical  treatments,  and  the  method  of  manufacture,  are 
directly  applicable  in  this  instance. 
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The  above  summary  is  a  brief  outline  of  many  of  the  industrial 
applications  of  microscopic  and  macrographic  examinations. 

Like  other  methods  of  examination,  it  does  not  offer  a  complete 
solution  of  all  the  difficulties  to  be  met  with  in  the  manufacture  and 
the  use  of  the  various  alloys,  but  in  many  instances  it  verifies, 
completes,  and  explains  the  information  obtained  by  other  methods 
of  investigation.  If  in  some  instances  such  an  examination  yields 
no  useful  results,  in  others  the  information  thus  available  is  to  be 
obtained  by  no  other  method. 
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-The  principal  references  are  shown  in  heavy  type  in  cases  ol  two  or  more 
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Absorption  of  heat  during  transforma- 
tion, 27 

Aci,  Ac„,  Acg  defined,  134,  135 

Ac„  defined,  135 

Accumulator  plates,  alloys  for,  245 

Acicular  structure,  143,  237,  277  ; 
pi.  xxxvii 

Allotriomorphic  crystals,  69 

AUotropic  modifications  of  iron,  48,  130, 

134 
Allotropy,  48 
Alloy   steels,  classification   of,  163.     See 

Special  steels. 
Alloys,  classification  of,  29 

■ ■,  Heusler  magnetic,  65 

,  non-expansible,  177 

Alpha  iron,  48,  130,  137 

Alumina,  preparation  of,  6 

Aluminium,    annealing    of   cold-worked, 

123  ;    pi.  xviii 

,  impurities  of  commercial,  209 

— ■ — ,  melting  point  of,  56 
• — — -,  strength  of,  at  high  temperature, 
112 

,  table   of   analyses   of  commercial, 

212 

•,  uses  of  commercial,  214 

Aluminium-bronze,  236 
Aluminium-copper  alloys,  235 

,  constituents     of,      236  ; 

pis.  xii,  Ixxxvii-xci 

,  diagram,  236 

— ■ — -  — — • ,  treatment  of,  238 

• •  — ■ — -,  uses  of,  239 

Aluminium-iron  series,  213 
Aluminium-lead  series,  47  - 
Aluminium-silicon  series,  213 
Aluminium-zinc  series,  252 
Ammoniacal-copper  reagent,  11 
Amsler  tensile  testing  machine,  87 
Analyses  of  carbon  content  of  steels  by 

microscopical  examination,  148 
Anisotropism,  68 
Annealing,  71,  118 

above    a   transformation    tempera- 
ture, 124 

•  after  deformation,  72  ;   pi.  vii 

■  of  cold-worked  aluminium,  123 

■ ■  brass,    121  ;     pis.    xxix- 

xxxii 

■ — —  copper,    121  ;     pis.   xxi— 

xxiv 


Annealing  of  cold-worked  nickel,  123 

•  zinc,  123 

of  drawn  mild  steel  wire,  122 

— — ■  of  medium  carbon  steel  wire,  122 

of  nickel  steel  wire,  122 

Anti-friction  alloys,  250  ;   pis.  xcii-xcvi 
Antimony,  melting  point  of,  56 
Antimony-bismuth  series,  35 
Antimony-copper  series,  201 
Antimony-lead  series,  244 
Antimony  tin,  247 

Apparent  content,  calculation  of,  225 
Archbutt,  252 
Arnold,  120,  185 
Arnou,  239 
Arrest  points,  51 
Arsenic-copper  diagram,  204 
Arsenic-lead  diagram,  256 
Austenite,  142,  152  ;   pi.  xxxviii 


Banded  structure,  150  ;   pi.  xlix 

Bannister,  165 

Barree,  61 

Barus,  125 

Bas-rejief  etching,  8 

Bauer,  115,  119,  146,  205 

Baumann,  146,  262 

Baykoff,  201 

Bearing  metals,  243 

,  microscopical  data  of,  279 

• — ■ — •,  properties  of,  250 

— •  ■ — ■ — ■,  structure  of,  250  ;    pis.  xciii- 

xcvi 
Behrens,  8,  137 
Beilby,  114 
Belaiew,  N.  J.,  151 
Bell  metal,  234 
Benedicks,  10,  118,  173,  190 

• ■  reagent,  10 

Bengough,  201 

Beranger,  167 

Berjot,  158 

Bernard,  31,  109,  151 

Beta  iron,  48,  130 

Bielensky,  271 

Binary   alloys,    modes    of   solidification, 

.29,  35.  45.  58,  59 
Bismuth-antimony  series,  35 
Bismuth-lead  series,  248 
Bismuth-tin  diagram,  249 
Bismuth-tin-lead  series,  249 
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Bismuth-zinc  system,  47 
Blister  steels,  152,  156 
Bohler.  181 

Boiling  points  of  sulphur  and  naphtha- 
lene, 56 
Boudoard,  61,  173 
Bowman,  70,  146 
Brannt,  125 
Brasses,    216    cont.  ;     pis.    Ixxvi-lxxvii . 

See  Copper-zinc  alloys. 

,  naval,  227 

— • — ,  special,  226  ;   pis.  Ixxviii-lxxix 
— — ,  special,     calculation    of    apparent 

copper  content,  225 
Brazing  solder  or  spelter,  223 
Brearley,  150 
Brinell  hardness  machine,  106 

• tests,  103 

Broniewski,  57,  61,  64 

Bronzes,  227  ;      pis.     Ixxx-lxxxvi.     See 

Copper-tin  alloys. 

,  aluminium,  235 

— ■ — -.  coinage,  233 

•,  lead,  234  ;   pi.  Ixxxvi 

•,  manganese,  226 

— — ,  phosphor,  235  ;   pi.  Ixxxvi 

■ -,  plastic,  234  ;    pi.  Ixxxvi 

■ ,  special,  234 

,  zinc,  234 

Brush  and  Hadfield,  125 
"  Burnt  "  steel,  118 


Cadmium-zinc  diagram,  209 

Calibration  of  pyrometers,  56 

Carbide  of  iron,  138  ;    pi.  xxxv 

• — — ■  — ■ — •,  effect  of,  in  solid  solution,  136 

■ — •,   solubility  of,  in  y,  j8,  and  a 

iron,  130 

•,  transformation  of,  49 

Carbide  steel,  192 

Carbon,  condition  of,  in  steels,  128 

,  — — -  of,  in  cast-iron,  133 

,  iron  alloys,   130    cont.      See  Iron- 
carbon  alloys. 
Carbon-nickel  diagram,  209 
Carbon  steels,  classification  of,  127 
— ,  temper,  133,  141,  1S5,  186  ;  pi.  Ixxi 
Carburising  mixtures  or  cements,  157 
Carnilley,  64 

Carpenter,  128,  201,  217,  240 
Cartaud,  70 
Cartridge  brass,  222 
Case  hardening  of  steel,  156  ;  pis.  lix-lxx 

— ■ of  special  steels,  159 

hardened   sections,   macrostructure 

of,  273  ;   pi.  cxiv 
Casting,  chill,  110,  133,  268  ;    pi.  v 

,  influence   of   temperature   on,    70, 

75,  no  ;   pis.  X,  c 
— — ■,  on  glass,  8 
— ■ — •,  on  mica,  8 
Castings,  malleable,  160 

,  suitable  for  malleablising,  iCo 

Cast-iron,  constitution     and     structure, 

154 

,  grey,  155  ;   pis.  xvi,  Ivi 

,  information       from       micro- 
examination  of,  279 


Cast-iron,  macrostructure  of,  269 

■ -,  malleable,  160 

mottled,  pi.  Ivii 


pis.  liii-lv,  Iviii 


pi.  xi 
and    steel, 


156; 


pi. 


,  special,  18S 

■ — — ■,  white,  155  ; 

Cast  steel,  149 
Cavities  in  ingots,  265 
Cellular  structure,  76  ; 
Cementation    of    iron 

pis.  lix-lx 

Cementite,  properties  of,  139  ;   pi.  xxxv 
■ — — ■,  primary,  definition  of,  133 

,  pro-eutectoid,  definition  of,  132 

,  spheroidised,  76,  139 

Charpy,   18,  72,  96,   100,   in,   12S,   185, 

188 
Charpy 's  impact  testing  machine,  100 
Chemical  equilibrium,  law  of,  24 

treatment,   influence  of,   on  alloys 

125  ;    pi.  xxxiii 
Chevenard,  49,  80 
Chilled  castings,  no  ;   pi.  v 
Choalgine,  132 

Chrome  steels,  179;  pis.  Ixvi-lxix 
Chrome-nickel  steels,  192 
Chrome-tungsten  steels,  192 
Chromic  acid  reagent,  10 
Cleavage  and  twinning,  68 
Cloup,  275 

Coalescence,  77  ;   pi.  xii 
Cobalt  manganese,  35 
Coe,  191 

Coefficient  equivalent,  225 
Cohen,  49,  115 
Coinage  alloys,  233,  254 
Cold-work,  71 
Columnar  structure,  70  ; 
Combined  carbon,  139  ; 
Common  metals,  uses  of,  214 
Compounds,  formation  of,  41 

,  properties  of,  107  ;    pi.  viii 

,  conductivity  of,  60 

■ — ■ — -,  electro-chemical  potential  of,  63 
Compression  tests,  94 
Concentration,  definition  of,  29 
Conductivity,  electrical,  of  alloys,  59 
Constants  of  metals,   table  of  physical, 

215 
Constantan,  62,  243 
Constitution  of  alloys,  physical,  67 

— ■ ,  relation  between  mechanical 

properties  and,  106 
Contraction  of  alloys,  63,  265 
Cooling  curve,  pure  metal,  27 

■ ■,  solid  solution,  33 

Copper  alloys,  commercial,  216 
-,  information       from       micro- 
examination  of,  279 
,  annealing    of    cold- worked,     121  ; 

pis.  xxi-xxiv 
■ — ■ — -,  deoxidation  of,  201 
,  effect     of     cold-work     on,      121  ; 

pis.  xix— XX 
,  impurities    of    commercial,     199  ; 

pis.  Ixxv 

•,  melting  point  of  pure,  56 

■,  properties  and  uses  of  commercial, 

214 
— • — -,  strength  of,  at  high  temperatures, 

112 
,  table  of  analyses  of  commercial,  200 


pi.  V 
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Copper-aluminium  alloys,  235 
,  constituents,   236  ;     pis. 

xii,  Ixxxviii— xci 

•,      treatment,  238 

■— ,      uses  of,  239 

Copper-antimony  series,  201 
Copper-arsenic  diagram,  204 
Copper-bismuth  diagram,  203 
Copper-chloride  reagent,  1 1 
Copper-cobalt  diagram,  201 
Copper-gold  diagram,  255 
Copper-iron  diagram,  202 
Copper-lead  diagram,  246 
Copper-magnesium  diagram,  205 
Copper-manganese,  203 
Copper-nickel  alloys,  241 
— ■ — • ■ — ■,  constituents,    241  ;     pi. 

xcii 
• ■ ,  properties  at  high  tem- 
peratures, 112 

— ■ — ■,  treatment,  241 

■,  uses,  242 

Copper-nickel-zinc  series,  253  ;   pi.  xcii 
Copper-palladium,  35 
Copper-phosphorus  diagram,  204 
Copper-platinum,  35 
Copper-silicon  diagram,  204 
Copper-silver  diagram,  253 
Copper- tin  alloys,  227 
,  constituents,   230  ;     pis. 

Ixx-lxxvii 
,  mechanical     properties 

of,  231 

— ■ — ■ — ■,  treatment  of,  232 

,  uses  of,  233 

Copper-tin-lead  series,  234 
Copper-tin-zinc  series,  234 
Copper-zinc  alloys,  216 
— .constituents,    218;    pis. 

ixxvi,  Ixxvii 
— ■ — •  - — ■ — ■ ,  effect  of   cold-work  on, 

121  ;  pis.  xxv-xxviii 
■ — ,  mechanical      properties 

of,  112,  219 
• ,  treatment  of,  221  ;    pis. 

xxix-xxxii 
Cores  in  solid  solutions,  82 
Cornu,  18,  185 
Costi,  56 

Couple,  thermo-electric,  55 
Cowper-Cowles,  31 
Cracks,  272 
Critical  points,  definition  of,  51 

,  determination  of,  54,  135 

"  Crop,"  272 

Crystal  grains,  69  ;   pis.  xcix,  c 

growth,  71,  114  ;   pi.  vi 

Crystallites,  69  ;   pi.  v 
Crystallisation,    dendritic,    69 ;     pis.    v, 
viii,  ci-civ 

,  methods  of,  70 

,  theories  of,  70 

Cupro-nickel,  241  ;   pi.  xcii 
Curie,  66 


D 


Damascus  steel,  152 
Decarburisation  of  cast  iron,  160 
Deep  etching,  67  ;   pi.  iii 


Degrees  of  freedom,  definition  of,  24 

Dejean,  173,  178,  205 

Dendrites,  33,  69  ;    pi.  v,  viii,  ci-civ 

Dendritic  structure,  269 

Density,  63 

Deoxidation  of  copper,  201 

Deposition  of  copper  previous  to  polish- 
ing, I 

Derihon,  106 

Desch,  31 

Deshayes'  formulae,  162 

Diagram,  equilibrium,  definition  of,  51 

Differential  cooling  curve,  56 

Diffusion  of  metals  in  the  liquid  state,  75  ; 
pi.  xiv 

in  the  sohd  state,  3 1 

Dilatometric  methods,  63 

Disintegration,  spontaneous,  of  alu- 
minium, 115  ;   pi.  xviii 

Dissociation  of  compounds,  44 

Domestic  utensils,  alloys  for,  239,  253 

Driesen,  49 

Drop  test,  95 

Dumas,  173 

Dupuy,  66 

Dutch  metal,  222 


Edwards,  217,  240 

Elastic  Umit,  definition  of,  88 

— ■ — • ,  determination  of,  91 

■ •,  Fremont's  method  for  deter- 
mining, 91  ;   pi.  xvii 

Electrical  conductivity  of  metals,  59 

■ — ■ — •  resistance  of  metals,  59 

,  table  of,  resistance  of  alloys,  243 

Electro-chemical  potential,  63 

Electrolytic  etching,  9 

iron,  216  ;    pi.  iii 

— ■ — -  potential,  63 

Elongated  crystals,  iii  ;    pi.  i,  xxxv 

structure,  in,  270 

Embedding  micro-sections,  4 

Emery  papers,  grades  of,  5 

Equilibrium  diagram,  construction  of,  53 

• ,  definition  of,  51 

,  interpretation  of,  52 

■,  ternary,  249 

■ — ,  verification  of,  by  micro- 
examination,  85 

Equilibrium,  labile  or  metastable,  83  ; 
pi.  xvi 

— — ,  mechanical,  119 

,  physico-chemical,  22 

,  stabley?22  ;    pi.' xvi  ^ 

— — ■,  sti^tural,  77      ^       \^^^ 

■ •,  law  of  chemical7-24 

Equivalent  coefficient,  225 

Etching,  action  of,  8 

■ •,  in  bas-relief,  8 

■ •,  electrolytic,  9 

— — ;  figures  or  pits,  67,  68  ;    pi.  iii 

,  polish  attack,  9 

,  reagents,  action  of  various,  10 

, ,  preparation  and  composition, 

II 

Etching,  macroscopic,  260 

, ,  reagents,  259 
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Etching  tests,  258  ;  pis.  xcvii,  cvi-cxiii 
— —  — — ■,  methods  of  etching  for,  260 
Eutectic,  binary,  definition  of,  36,  74 

, ,  soUdification  of,  37,  74 

■ .  ~ ,  structure  of,  74  ;   pis.  viii,  ix 

Eutectic  ternary,  250 
Eutectoid,  definition  of,  50 

,  formation  of,  50 

— — ;  structure  of,  76 
Ewen,  64 

Ewing  and  Rosenhain,  8 
Expansion  of  alloys,  63 
Extensometer,  gi 


Ferric  chloride  reagent,  11 

Ferrite,  properties  of,  137  ;    pi.  xxxiv 

■ — — •,  pro-eutectoid,  definition  of,  132 

Ferro-alloys,  125,  188  ;   pis.  Ixxiv-lxxv 

Fibrous  fracture,  165 

Fine  grinding,  4 

Flow  lines,  270 

Fluid  compression  of  steel,  265 

Freedom,  degrees  of,  24 

Freezing-point  curves,  32 

Fremont,  91,  96 

Fremont's  impact  testing  machine,  96 

Frilley,  65 


Galvanising,  125  ;    pi.  xxxiii 
Galvanometer,  Dejean's,  57 
Gamma  iron,  48,  130 

■  — ■ — ,  twinning  of,  142 

Garvin,  80 

Gauge  length,  standard,  92 

German     silver,     242  ;       pi.     xcii.     See 

Nickel  silver. 
Ghost  lines,  138,  147,  166 
Gibbs'  Phase  Rule,  22 
Giolitti,  147,  157 
Giraud,  205 
Glass,  casting  on,  8 
Glasunow,  109 
Gliding  planes,  114 
Goerens,  85,  128,  189,  191,  232 
Gold,  melting  point  of,  56 
Gold-copper  alloys,  255 
Gold-palladium,  35 
Gold-platinum,  35 
Gold-silver  diagram,  253,  254 
Goldschmidt  reaction,  216 
Grains,  crystal,  69  ;    pi.  vi,  xcix,  c 
Granular  pearhte,  152 
Graphite,  properties,  etc.,  141  ;  pi.  xxxvii 
Graphite-nickel  diagram,  209 
Grard,  11,  114,  121 
Gravity,  specific,  of  alloys,  63 
Grenet,  118,  167,  189 
Grey  cast  iron,  155  ;    pi.  xvi,  Ivi 
Grinding  of  specimen,  methods  of,  3 
Growth  of  crystals,  72  ;    pl.  vi 
Guertler,  59,  106 
Guillery  impact  machine,  98 
Gun  metal,  232 
Gutowski,  85,  128 
Gwyer,  213 


H 


Hadfield,  125 

Hannover,  8 

Hardened  steel,  162  ;   pis.  xxxviii-xl 

Hardness,  Brinell,  106 

— — ,  Marten's  scleroscope,  102 

,  method  of  determining,  102 

,  Shore  scleroscope,  103 

Harmet  process,  265,  272 
Heat  tinting,  9 

treatment,  annealing    and    temper- 
ing, 118 

•,  quenching,  116  ;   pis.  li-lii 

Heike,  256 

Heusler  magnetic  alloys,  65,  66 

Heycock  and  Neville,  11,  85 

Heyn,  106,  115,  119,  146 

High-speed  tool  steels,  192  ;    pis.  Ixxiii- 

Ixxiv 
Honda,  49,  65 
Howe,  162 
Humfrey,  72 
Huser,  204 
Hyper-eutectoid  steel,  132  ;   pis.  xi,  xlvi- 

xlvii 
Hypo-eutectoid  steel,  132  ;   pis.  xi,  xlix 
Hysteresis  magnetic,  172 
- — - —  thermal,  81 


Ichewsky,  120 

Iljin,  128 

Illumination  of  microscope,  methods  of, 
14,  18 

Illuminators,  oblique,  14 

- — — ,  vertical,  14 

Immiscible  liquids,  30 

■  solids,  40 

Impact  test,  95 

■ — ■ ,  precautions  in  carrying   out, 

100 

— ■ — ■  ■ — ■ — ,  results  of,  102 

■ ■  ■ — ■ — •,  standard  test-pieces,  96 

■,  types    of    machines,    96,    98, 

100 

Impurities,  effects  on  metals  of,  on 
mechanical  properties,  107,  198,213; 
on  physical  properties,  61,  198,  214 

Industrial  applications  of  macrograph}', 
272  cont. 

Information,  summary  of,  from  micro- 
scopical examination  of  alloys,  276 

Ingots,  cracks  in,  272 

,  cropping  of,  272 

,  pipe  in,  265 

• ,  segregation  in,  265  ;   pl.  xcviii 

Interlocking  of  crystals,  69 

Intermetallic  compounds,  41 

— — ■,  electrical      conductivity     of, 

60 

,  electrolytic  potential  of,  63 

,  properties  of,  107 

Internal  stress,  264 

Invar,  177 

Inverse  rate  curve,  56 

Iron  electrolytic,  216  ;   pl.  iii 

Iron,  puddled  or  wrought,  2,  274  r 
pis.  xli-xliii 


I 
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Iron  and  steel,  information  from  micro- 
examination  of,  279 
Iron,  allotropic  modifications  of,  48 
— ■ — •,  cementation  of,  156 
Iron-aluminium  diagram,  213 
iron-carbon    alloys,     classification     and 
diagram  of,  128 

■ — • — •  — ■ ,  conditions      for      labile 

and      stable      equili- 
brium, 133 

— — .constituents      of,       137 

coiif.  ;  pis.  xxxiv— xli 

■ •  — — •,  effect  of  heat  treatment 

on,  135  ;   pis.  xxxviii- 
xl 

— ,  estimation     of     carbon 

content,      148  ;       pis. 
xliv— xlvi 

— ■ ,  mechanical  properties  of 

161 
mechanical  properties  of 

heat-treated,  162 
inclusions  in,   145  ;    pis. 
xxxiv,  xlii,  xliii,  cviii 
rate    of    cooling,    efEect 

of,  152  ;   pis.  li-lii 
structure  of,   147  ;    pis. 

xxxiv— ix 
structure    of   quenched, 

152  ;    pi.  xxxviii 
structure    of   tempered, 

153  ;   pi.  Ix 
transformation  of,  134 

•  eutectic,  131  ;   pi.  liii 

Iron  carbide,  138  ;   pi.  xxxv 
Iron,  cast,  154  ;   pis.  liii-lviii 
Iron-copper  diagram,  202 
Iron-silver  system,  47 
Iron  and  steel,  etching  of,  10 
Isomorphism,  35 
Isothermal  lines,  265 


Kamacite,  173 
Keeling,  128 
Kourbaloff's  reagent,  10 
Kournakow,  56,  59 
Kurnakow,  255 


Labile,  equilibrium,  83  ;    pi.  xvi 

Laminated  structure,  77 

Lamps  for  microscopical  illumination,  13 

Lange,  120 

Law  of  chemical  equilibrium,  24 

Lead,  desilverisation  of,  209 

•,  impurities  of  commercial,  209 

■,  melting  point  of,  56 

— ■ — ,  table   of   analyses   of   commercial, 

207 
— - — •.  uses  of  commercial,  214 
— ■ — ■  in  brass,  effect  of,  224  ;    pi.  Ixxviii 

•  shot,  256 

Lead-aluminium  system,  47 
Lead-antimony  series,  244 
Lead-arsenic  series,  256 
Lead-bismuth  series,  248 


Lead-copper  series,  246 

Lead-copper-zinc  alloys,  234 

Lead-iron  system,  47 

Lead-nickel  system,  47 

Lead-tin  series,  245 

Lead-tin-bismuth  alloys,  249 

Lead-thallium,  35 

Lead-zinc  system,  47 

Le  Chatelier,  A.,  93 

Le  Chatelier,  H.,   6,    15,   49,   57,   59,   61, 

115,  118,  177 
Le  Chatelier 's  microscope,  15 
Leon  BoUee  hardness  machine,  106 
Levelling  of  specimen,  methods  of,  18 
Levin,  49 
Levy,  191 
Limit,  elastic,  88 
Liquation,  75  ;   pi.  xcviii 
Liquefaction  of  copper-tin  alloys,  partial. 

229 
Liquidus,  definition  of,  32 
Longmuir,  11 
Longitudinal  structure,  2  ;   pi.  xxxv 


M 


Machining  brass,  222,  224  ;    pi.  Ixxviii 
Macrography,  industrial  applications  of, 
272 

• -,  principles  of,  257 

Macrostructure,  definition  of,  257 

,  general  outline  of,  266  ;    pi.  xxix,  c 

of  cast  steel,  269  ;   pi.  cv 

Magnesium-copper  diagram,  205 
Magnesium-nickel  diagram,  210 
Magnesium-tin  alloys,  pi.  ix 
Magnetic  alloys,  Heusler,  65,  66 

properties  of  alloys,  65 

hysteresis,  172 

Malleable  castings,  160 
Manganese  bronze,  226 
Manganese-cobalt  series,  35 
Manganese-copper  diagram,  203 
Manganese-iron  series,  35 
Manganese-nickel  diagram 
Manganese  steels,  177  ;  pi. 
— — -  sulphide  in  steel,  146 
Martens,  102,  106 
Martens'  microscope,  20 

scleroscope,  102 

Martensite,     properties 

pi.  xxxviii 
Masing,  31 
Matweetf,  146 
Manner,  153 
McCance,  163 
Mechanical    properties 


210 
Ixv 


of,     142,     153 


of    cold-worked 
brass,  121 


copper,  121 


alloys. 


•  of    copper-aluminium 
238 

-  of  copper-tin  alloys,  231 

-  of  copper-zinc  alloys,  219 

-  of  iron-carbon  alloys,  161 

,   heat-treated, 

162 

-  of  metals,  effect  of  impurities 

on,  213 
relation    to    con- 
stitution, 106 
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INDEX 


Mechanical  testing  of  metals,  86 

treatment  of  metals,  no 

Melting-point  curve,  32 

INIelting  points  of  metals,  list  of,  56 

Mesnager,  91 

Metals,  diffusion  of,  in  liquid  state,  75  ; 

pi.  xiv 
— ■ — ,  — — -  of,  in  solid  state,  31 
Metals,   table  of  physical  constants   of, 

215 

■ •,  uses  of  common,  214 

Metastable  equilibrium,  83 

Meteorites,  173 

Meyer,  85,  12S 

Microscopes,  illumination  of,  14,  iS 

-,  types  of,  Le  Chatelier's,  13,  15 

,  ,  Martens',  20 

Nachet's,  17 

portable,  21 
Microscopical   examination,   information 

to  be  obtained  from,  276 
verification  of  equilibrium  diagram, 

85 
Micro-specimens,  etching  of,  8 

— — •,  levelling  of,  18 

,  mounting  of,  18 

,  polishing  of,  5 

Miscibility,  complete,  in  solid  state,  30,  58 

,  partial,  in  solid  state,  35,  59 

Molybdenum  steels,  182  ;   pi.  Ixx 
Muntz  metal,  222 


N 


Nachet's  illuminator,  18 

microscope,  17 

Naphthalene,  boiUng  point  of,  56 
Naval  brass,  224 
Nesselstrauss,  179 
Neumann's  lines,  138 
Nickel,  anneahng  of  cold-worked  nickel, 
123 

,  impurities  of  commercial,  209 

,  polymorphic  transformation  of,  49 

,  table  of  analyses  of  commercial,  211 

,  uses  of  commercial,  214 

Nickel  brass,  226 
Nickel-carbon  diagram,  209 
Nickel-chromium  steels,  192 
Nickel-copper  series,  240  ;    pi.  xcii 
Nickel-copper-zinc  series,  242  ;   pi.  xcii 
Nickel-lead  system,  47 
Nickel-magnesium  diagram,  210 
Nickel-manganese  diagram,  210 
Nickel-palladium,  35 
Nickel-silver  system,  47 
Nickel  silvers,  242  ;    pi.  xcii 

steels,  172  cont.  ;    pis.  ixi-lxiv 

— — ,  annealing      of      cold-worked 

wire,  122 
Non-expansible  alloys,  64,  177 
Non-miscible  liquids,  45,  58 
Notched-bar  impact  tests,  95 
Nuclei,  crystal,  69 
Nusbaiimcr,  234 

O 

Oberhoffer,  67 

Oblique  illumination,  12,  14 


Orientation  of  crystals,  69  ;    pi.  iii 
Osmond,    18,    56,    59,    69,    71,    81,    173, 

177,  190 
Osmondite,  143 
Oxygen  in  copper,  204  ;    pi.  Ixxv 


Palladium-copper,  35 

Palladium-gold,  35 

Palladium-nickel,  35 

Palladium-silver,  35 

Parravano,  201 

Partial  miscibility  in  solid  state,  35,  59 

Pattinson's  process,  209 

Pearlite,  definition  of,  132 

,  granular,  152 

,  properties    of,    140  ;     pis.    xxxiv- 

xxxvi 

Pewter,  246 

Phase,  definition  of,  24 

rule,  22 

Phosphor  bronze,  235  ;   pi.  Ixxxvi 
Phosphorus-copper  diagram,  204 
Phosphorus  in  steel  and  cast  iron,  146  ; 

pi.  Iviii 
Physical  constitution  of  alloys,  67 
— —  properties     of     metals,     effect     of 
impurities  on,  213 

• — — •  — ■ — • •,  table  of,  215 

Picrate,  sodium,  reagent,  10 

Picric  acid  reagent,  10 

Piping  in  ingots,  265 

Planes  of  cleavage,  68 

Planimetric     measurements,     74,     149 ; 

pis.  xliv-xlvi 
Plastic  bronze,  235  ;   pi.  Ixxxvi 
Platinum-copper,  35 
Platinum-gold,  35 
Plessite,  173 
Plumbers'  solder,  246 
Polish  attack,  9 
Polishing,  5 

cloths,  5 

machines,  6 

powder,  preparation  of,  6 

,  relief,  8 

Polygonal  structure,  47  ;   pi.  vi 
Polymorphic  transformations,  48 

,  of  a  single  phase,  72 

Portable  microscope,  description  of,  2 1 

Potential,  electrolytic,  63 

Prism  illuminator,  14 

Pure  metals,  melting  points  of,  56 

Pyrometers,  types  of,  55 


Q 

Quaternary  steels,  128,  192,  195 
Quenching,  116 

baths,  properties  of,  118 

,  double,  154 

,  theories  of,  117 


R 


Radiating  structure,  70  ;   pi.  v 
Reactions  in  solid  alloys,  75,  83  ;   pi.  xv 


INDEX 


287 


Read,  185 

Reagents,  etching,  action  of,  10 

- — - — •,  - — ■ — ,  composition  of,  10 

,  ■ — — ,  for  "  etching  tests,"  259 

Recalescence,  79 

Recrystallisation,  71,  114  ;   pis.  vi,  xviii 

Recording  pyrometers,  55 

Rehef  pohshing,  8 

Rengade,  34.  56,  57 

Resistivities  of  alloys,  table  of,  243 

Reticular  structure,  269,  271 

Revillon,  234 

Rheotan,  243 

Roberts- Austen,  31,  56,  128 

Robin,  72,  240 

Roozeboom,  34,  128 

Rose,  131,  254 

Rosenhain,  i,  8,  18,  72,  252 

Rouge,  preparation  of,  6 

Ruer,  35,  128 


Sahmen,  205 

Saldaou,  85,  128 

Salt,  pure,  melting  point  of,  56 

Sauveur,  72 

Sclerometer,  Martens',  102 

Scleroscope,  Shore,  103 

Scratches,  reappearance  on  etching,  186 

Sea-water,  alloys  to  resist  corrosion  in,  224 

Sealing-wax,  use  of  for  mounting  speci- 
mens, 4 

Segregation,  75,  265,  272  ;   pi.  xcviii 

■ ■  in  ingots,  265  ;   pi.  xcviii 

— — ■  in  steel,  266  ;   pis.  cvi-cvii 

Self-hardening  steel,  118,  196 

Semi-steels,  155 

Shearing  tests,  106 

Shepherd,  248 

Shore  scleroscope,  103 

Shottky,  125 

Shrinkage  cavities,  265 

Silicates  in  steel,  145 

Silicon-aluminium  diagram,  213 

Silicon-copper  diagram,  204 

Silicon  steels,  185  ;    pis.  Ixxii-lxxiii 

Silver,  melting  point  of,  56 

Silver  coinage  alloys,  254 

Silver-copper  diagram,  254 

Silver-iron  series,  47 

Silver-gold  diagram,  253 

Silver-nickel  system,  47 

Silver- nitrate  reagent,  12 

Silver-palladium,  35 

Silverine,  243 

Single   phase,    polymorphic   transforma- 
tion of  a,  72 

Size  of  microsections,  2 

Skeleton  crystals,  69  ;   pis.  ci-civ 

Slag  in  steel,  145  ;    pis.  xxxiv,  xlii,  xliii 

• in  wrought  iron,  2  ;    pis.  i,  xli 

Slip  bands,  68 

Sodium  chloride,  melting  point  of,  56 

Sodium  hydroxide  reagent,  10 

Sodium  picrate  reagent,  10 
Solders,  compositions  of,  246 
Solid  solution,  definition  of,  32 

,     non-homogeneity     of,     82  ; 

pi.  xiii 


Solid  solution,  polymorphic  transforma- 
tion in  a,  49 
Solidification  of  a  pure  metal,  27 

of  binary  alloys,  completely  miscible 

solid,  30-34.  58 

• — •,  eutectic,  37,  74 

• ,  non-miscible  liquids,  45, 

58 
-,  non-miscible    solid,    40, 

59 

,  of  a  compound,  41,  59 

,  partially  miscible  solid, 

35.  59 
Solidification  of  two  phases,  73 
"  Solidus,"  definition  of,  32 
Sonims,  127 
Sorbite,  143 
Sorby,  140 
Special  brasses,  223  ;   pis.  Ixxviii-lxxix 

•  bronzes,  234 

cast  irons,  188;  PI.  Ivii 

■ — ■ — -  steels,  case  hardening  of,  159 

■ — - — -,  classification  of,  166 

— ■ — ■ ,  diagrams  of,  171 

,  structure  of,  170 

,  summary  of,  187 

— ,  chrome,  179  ;   pis.  Ixvi-Ixix 

,  high-speed    tool,   [.195  >     P^s- 

Ixxiii-lxxiv 

— — •,  manganese,  177  ;   pi.  Ixv 

,  molybdenum,  182  ;   pi.  ixx 

-,  nickel,  172  ;   pis.  ixi-lxiv 

■ — ,  nickel-chromium,  192 

,  silicon,  185  ;    pis.  Ixxii-lxxiii 

-,  tungsten,  181  ;   pi.  Ixx 

— — ,  vanadium,  184  ;   pl.  Ixxi 

Specific  gravity  of  alloys,  63 

resistance  of  alloys,  59 

,  table  of,  243 

Specimen,  dimensions  of,  2 

,  etching  of,  8 

,  grinding  of,  3 

,  micro,  method  of  mounting,  18 

,  pohshing  of,  5  ;   pl.  ii 

,  selection  of,  i 

Speculum  metal,  227  ;   pl.  Ixxxv 

Spontaneous  annealing,  71,  114 

Spring,  31 

Stable  equilibrium,  22 

Stadeler,  190 

Stage,  microscope,  16 

Standard  impact  test-pieces,  96 

tensile  test-pieces,  93 

Statuary  bronze,  233 

Stead,  107 

Stead's  reagent,  269 

Steels,  classification  of,  127 

•,  Damascus,  152 

,  estimation  of  carbon  content,  148  ; 

pis.  xliv-xlvi 

,  microstructure    of    carbon,     147  ; 

pis.  xxxiv— Ix 

•,  mechanical  properties  of,  161 

. ., ■ of,  heat  treated,  162 

Steels,  semi-,  155 

,  special     or     alloy,     179-195.     See 

Special  steels. 

Strain,  structure  due  to,  264  ;   pl.  i 

Strength,  ultimate,  of  metals,  88 
Stress-strain  diagram,  88 
Structural  diagrams,  172 
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structure,  banded,  150  ;   pi.  xlix 
— — ■,  cellular,  76  ;  pi.  xi 

-,  dendritic,  269 

•,  granular,  150,  269 

,  laminated,  77 

,  large  crystal,  269 

,  reticular,  269,  271 

,  Widmanstaetten,  76,  151  ;     pi.   xi, 

xlix 

of  cast  irons,  154  ;    pis.  liii-lviii 

■  of  eutectic,  74  ;   pis.  viii-ix 

— — ■  of  pure  metals,  69  ;   pi.  vi 

•  of  quenched  steels,  152  ;   pi.  xxxviii 

of  solid  solutions,  69  ;   pi.  vi 

— — ■  of  tempered  steels,  153  ;   pi.  Ix 
vSulphur,  boiling  point  of,  56 

■  in  steel,  146 

•  prints,  262  ;  pi.  cxv 

Super-cooling,  79 

Super-position    of    molten    metals,    75  ; 

pi.  xiv 
Surfusion,  79 
Swinden,  182 


Table    of   analyses    of   commercial    alu- 
minium, 212 

■ • of  copper,  199 

of  lead,  207 

■ — -  of  nickel,  211 

of  tin,  208 

of  zinc,  206 

Table  of  physical  constants   of  metals, 
215 

of  resistivities  of  certain  alloys,  243 

Taenite,  173 

Tagaki,  49 

Tammann,  45,  49,  57,  70 

Tavanti,  157 
Tchernoff,  69 
Tchijersky,  132 
Temperature,  critical,  51 
— — ,  effect    on    mechanical    properties, 
112 

measurements,  55 

of  solidification,  27 

point. 
— - —  time  curve.  27 
Tempering,  125 
Tempered     structure     of     steels,     is^- 

pi.  Ix 
Temper    carbon,     133,    141,     185,    186; 

pl.  Ixxiii 
Tensile  fracture,  types  of,  165 
Tensile  test,  88 
■ — ,  precautions  in  carrying  out, 


See  Freezing 
See  Cooling  curve. 


Ternary  alloys,  248 

steels,    128,    179-195.     See   Special 

steels. 
Testing,  mechanical,  of  metals,  86 

machines,  hardness,  102,  103 

-.  impact,  96,  98,  100 

■ — -— ,  tensile,  90 

Test-pieces,  standard,  impact,  96 

.  ■ — -^ ,  tensile,  93 

Thallium-lead,  35 

Theory  of  crystallisation,  70 

of  quenching,  117 


Thermal  analysis,  55 

Thermit  process,  216 

Thermo-couples,  55 

Thermo-electricity,  62 

Thomson,  242 

Timofeef,  72 

Tin,  allotropic  modification  of,  49 

,  impurities  of  commercial,  208 

,  melting  point  of,  56 

— ■ — ,  properties  and  uses  of,  214 

■ — ■ — ■,   table  of  analyses  of  commercial, 
205 

Tin-antimony  series,  247 

Tin-bismuth  series,  247 

Tin-bismuth-lead  series,  249 

Tin-copper  series,  227 

—  alloys,    constituents   of,    230  ; 

pis.  Ixxx— Ixxxvii 

• — ;  mechanical  properties  of 

231 

• — — • ,  treatment  of,  232 

■ — ■ — • ,  uses  of,  233 

Tin-copper-lead  alloys,  234 

Tin-copper-zinc  alloys,  234 

Tin-lead  series,  245 
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A  First  Course  in  Nomography 

By  S.  Brodetsky,  M.A.,  B.Sc.>  Ph.D.,  Reader  in  Applied  Mathematics  at 
Leeds  University.  Demy  8vo.  los.  net.  BeWs  Mathematical  Series  {Advanced 
Section). 

Graphical  methods  of  calculation  are  becoming  of  ever  greater  importance  in  theoretical 
and  industrial  science,  as  well  as  in  all  branches  of  engineering  practice.  Nomography  is 
one  of  the  most  powerful  of  such  methods,  and  the  object  of  this  book  is  to  explain  what 
nomograms  are,  and  how  they  can  be  constructed  and  used.  The  book  caters  for  both  the 
practical  man  who  wishes  to  learn  the  art  of  making  and  using  nomograms,  and  the  student 
who  desires  to  understand  the  underlying  principles. 

MECHANICAL  WORLD. — "An  exceptional  amount  of  attention  is  now  being  given  to  nomngraphy, 
and  in  particular  to  the  application  of  the  methods  to  the  construction  of  the  alignment  charts  which  have 
become  very  popular  of  late.  The  book  before  us  give-;  a  very  satisfactory  elementary  account  of  the 
method  of  constructing  such  charts,  and  of  the  principles  underlying  their  formation.  .  .  .  The  diagrams  are 
clearly  drawn,  and  the  examples  well  chosen." 

A  First  Course  in  Statistics 

By  D.  Caradog  Jones,  M.A.,  F.S.S.,  formerly  Senior  Lecturer  in  Mathe- 
matics, University  of  Durham,  late  Scholar  of  Pembroke  College,  Cambridge. 
Demy  8vo.      15^.  net.     Bell's  Matlieinatical  Series  (^Advanced  Section). 

The  fundamental  importance  of  the  right  use  of  Statistics  is  becoming  increasingly 
evident  on  all  sides  of  life,  social  and  commercial,  political  and  economic.  A  study  of  this 
book  should  enable  the  reader  to  discriminate  between  the  masses  of  valuable  and  worthless 
figures  published,  and  to  use  what  is  of  value  intelligently.  It  is  meant  to  serve  as  an 
introduction  to  the  more  serious  study  of  the  theory  provided  by  other  works. 

JOURNAL  OF  EDUCATION. — "  K  very  compact,  clear  and  sufficiently  complete  account  of  the 
mathematical  machinery  employed  in  analysing  raw  statistical  material  and  in  deducing  general  statements 
regarding  its  characteristics." 

Fundamental  Principles  of  Organic 
Chemistry 

By  Charles  Moureu,  Member  of  the  Institute,  and  of  the  Academy  of 
Medicine,  Professor  at  the  College  de  France.  Authorised  Translation  from  the 
Sixth  French  Edition  by  W.  T.  K.  Braunholtz,  B.A.,  A.I.C.  With  Introduction 
by  Sir  W.  J.  Pope,  K.B.E.,  F.R.S.,  Professor  of  Chemistry,  University  of 
Cambridge.     Demy  8vo.     12^.  dd.  net. 

TIMES  EDUCATIONAL  SUPPLEMENT.— "In  this  well-written  translation  of  a  well-known 
and  learned  French  work,  ...  by  that  eminent  teacher  and  investigator,  Prof.  Moureu,  the  student 
will  become  fully  familiarised  with  guiding  principles  and  with  that  logical  development  of  a  subject  which 
is  peculiarly  susceptible  to  logic  and  to  the  methods  of  the  best  French  writers." 

JOURNAL  OF  THE  FRANNLIN  INS  TITUTE.—"  A  ca.re{ul  reading  has  confirmed  the  reviewer 
in  his  opinion  that  this  is  the  best  text-book  of  Organic  Chemistry  that  has  yet  seen  the  light.  It  is  almost 
the  only  one  that  can  be  read  through  as  a  whole  with  interest  and  pleasure." 

Introduction  to  Organic   Chemistry 

By  D  L.  HaMxMICK,  M.A.,  Fellow  and  Lecturer  of  Oriel  College,  O.xford. 
Crown  8vo.     6^. 

This  book  is  based  en  the  author's  experience  in  preparing  boys  for  University  scholar- 
ship examinations,  and  in  providing  post  scholarship  courses  in  organic  chemistry  for 
successful  scholarship  candidates.  An  attempt  has  been  made  to  apply  the  experimental 
methods  used  in  teaching  inorganic  chemistry  to  organic  material. 

The  general  aim  of  the  author  has  been  to  familiarise  the  student  with  simple  organic 
technique,  to  introduce  him  to  the  conception  of  chemical  structure,  and  to  make  him 
acquainted  with  the  simpler  types  of  organic  compounds  and  their  reactions. 
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Introduction  to  Inorganic  Chemistry 

By  Alexander  Smith,  B.Sc  (Edin.)i  Ph.D.,  F.R.S.E.,  Professor  of 
Chemistry  and  Head  of  the  Department  of  Chemistry  in  Columbia  University. 
35th  Thousand.     8vo.     Over  900  pages.     12s.  6d.  net. 

This  book  combines  the  most  recent  chemical  theory  with  modern  methods 
of  teaching. 

S/Ji  JAMES  WALKER,  D.Sc,  Ph.D.,  F.R.S.— "In  my  opinion  it  is  infinitely  superior  to  any 
book  of  similar  size  and  purpose  at  present  available  in  English." 

Inorganic  Chemistry  for  Upper  Forms 

By  P.  W.  OscROFT,  M.A.,  Senior  Science  Master,  Uppingham  School.  496 
pages,  with  numerous  Diagrams.  Third  Edition,  revised  and  enlarged.  7s.  6d.  net. 
This  book  is  intended  for  use  in  the  upper  forms  of  schools  and  in  Technical  Colleges. 
Technical  processes  are  described,  sufficient  to  show  the  types  of  methods  now  used  in 
manufacluiing  chemistry.  Special  features  are  the  inclusion  of  a  number  of  practical 
exercises,  constituting  a  two  years'  course,  and  upwards  of  ico  problems. 

A  Text-book  of  Chemistry 

By  W.  A.  NOYES,  Director  of  the  Chemical  Laboratory  in  the  University 
of  Illinois.     Post  8vo.     618  pages.     los.  6d.  net. 

This  book,  the  result  of  twenty-five  years  of  experience  in  teaching  chemistry,  is  intended 
to  make  the  presentation  sufficiently  clear  and  complete  for  students  who  have  had  an 
elementary  course  in  Physics  to  use  the  book  successfully.  The  atomic  theory  has  been 
made  the  fundamental  basis  for  the  work,  and  the  theory  of  ionisation  has  been  freely  used. 

A  Text-book  of  Organic  Chemistry 

By  W.  A.  NoYES.     Second  Edition,  revised.     Crown  8vo.     10s.  6d.  net. 

Practical  Biological    Chemistry 

Translated  from  the  French  of  MM.  Bertrand  and  Thomas  (of  the  Institut 
Pasteur)  by  H.  A.  Colwell,  M.B.,  D.Ph.  Demy  8vo.  With  numerous  Illus- 
trations.    I05-.  6d.  net. 

JOURNAL  OF  EDUCATION.— "The  outstanding  feature  of  this  book  is  its  broad  and  essentially 
experimental  character.  It  gives  a  wide  scheme  of  work,  which  amply  covers  the  elementary  requirements 
of  the  future  investigator.  .  .  ._  The  physiologist,  the  pathologist,  the  botanist,  the  agriculturist,  the 
brewer,  and  the  synthetic  chemist  will  all  find  discussed  matters  of  the  greatest  interest  and  importance. 
Mr.  Colwell  has  made  an  excellent  translation." 

Elements  of  Qualitative  Chemical  Analysis 

By  Julian  Steiglitz,  Professor  of  Chemistry  in  the  University  of  Chicago. 
2  vols.     Demy  8vo.     los.  6d.  net  each. 

SCIE  ^'CE.. — "  Every  teacher  of  chemistry  and  every  advanced  student  of  chemistry  should  study  carefully 
the  mnterial  contained  in  this  book.     To  one  who  is  or  is  to  be  a  chemist,  its  value  cannot  be  over-estimated." 

The  Calculations  of  General  Chemistry 

With  Definitions,  Explanations  and  Problems  by  William  J.  Hale,  Ph.D., 
Assistant  Professor  of  Chemistry  in  the  University  of  Michigan.  Second  Edition, 
jevised.     Crown  8vo.     js.  6d. 

The  Manufacture   of   Organic   Dyestuffs 

By  Andre  Wahl,  D.Sc,  Professor  of  Industrial  Chemistry  in  the  University 
of  Nancy.  Authorised  Translation,  with  additions  by  F.  W.  Atack, 
M.Sc.Tech.  (Mane),  B.Sc.  (Lond.),  A.I.C.  With  a  Preface  by  E.  Knecht, 
Ph.D.,  F.I.C.,  M.Sc.Tech.     Third  Edition.     6.y.  net. 

CHEMICAL  NEWS. — "In  every  way  well  planned  and  thoroughly  practical.  It  will  be  found 
excellent  for  technical  students,  for  whom  it  is  specially  written,  and  also  for  practical  men  who  have  a 
general  knowledge  of  organic  chemistry." 
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